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A  space  vehicle  must  survive  u  vnrieli  of '  envi rimmi'iils  during  tin-  luuneli,  ascent 
and  orbital  sequences  of  its  Right.  One  of  tin-  principal  environments  is  the 
dynamic  environment.  Its  prediction,  related  nnnhsis  and  test  proecduics,  test 
philosophy,  recent  experience  :uid  current  results  are  discussed.  Current  areas 
of  considerable  interest  in  the  indust n  are  tile  anahtieal  teehnniues  lor  high 
frequency  (  >100  Hzi  random  vibration  and  the  attendant  current  slale-ol-lhc-urt 
testing  techniques.  These  areas  will  receive  particular  attention  with  special 
emphasis  on  recent  test  results.  The  mission  requirements  of  the  space  vehicles 
will  not  be  discussed.  Onlv  the  tcchnologi  problems  associated  unit  the  analisis 
and  testing  of  space  vehicle  configurations  is  sunned. 


INTRODUCTION 

This  survey  pap"r  will  discuss  the  dynamic 
environments  that  induce  high  frequenev  <  >100  Hzi 
random  vibration  in  a  space  vehicle  and  components 
thereof.  Particular  emphasis  will  lie  given  to 
current  state-of-the-art  problem  areas  in  both  anal¬ 
ysis  and  testing.  No  attempt  will  lie  made  to  provide 
an  extensive  bibliographv  as  an  excellent  one  already 
exists  in  the  work  of  Lyon  111  .  The  methods  i  - 
ployed  will  be  discussed  in  detail  onlv  when  such 
detail  is  not  a  repetition  of  that  found  in  Ref.  HI  . 
further,  some  of  the  current  work  has  not  vet 
appeared  in  the  open  literature  and  hence  the  paper 
will  present  some  new  results  as  well.  It  should  be 
further  pointed  out  that  there  exists  a  variety  of 
approaches  and  philosophies  as  to  the  particular 
analysis  and  testing  techniques  to  be  utilized.  This 
paper  presents  our  approach  to  the  problem.  This 
approach  has  been  successful  for  Lockheed  Missiles 
&  Space  Company  (LMSC)  and  ivc  believe  it  lo  lie  a 
viable  one. 

The  area  to  receive  particular  attention  is  tile 
high  frequency  vibration  induced  in  the  vehicle  and 
its  components  by  the  inflight  fluctuating  pressure 
fields.  This  high  frequency  vibration  service  en¬ 
vironment  will  be> discussed  in  outline  form  in 
sufficient  depth  to  establish  the  significance  of  die 
various  sources  relative  to  design  analysis  and 
ground  test  planning.  Ground  testing  will  then  be 
categorized  according  to  test  objectives  (e.g. , 
development,  qualification,  acceptance,  etc.  i,  in- 
test  procedure  (e.g. ,  acoustic  excitation  or  shaker 
exeitationi  and  bv  level  of  assembly  (e.g.,  compon¬ 
ent,  subassembly,  complete  assembly  and  flight 
system  i . 

The  impact  of  new  methods  of  testing,  especi¬ 
ally  large  scale  acoustic  testing,  is  presented 
together  with  a  discussion  of  the  recent  advances 


in  data  usage  made  possible  b\  the  availabiliti  of  on¬ 
line  digital  computers.  Decisions  e:m  now  lie  made 
during  the  test  program  rather  than  several  weeks 
later.  Selected  examples  of  recent  I.MSU  experietue 
are  presented. 

The  paper  includes  analysis  techniques,  recent 
lest  correlation  and  flight  data.  An  explanation  of 
total li  broadband  random  versus  random  sweep  ran¬ 
dom  shaker  type  excitations  tprimarili  for  equipment 
testing)  will  be  developed.  The  concept  of  the  statis¬ 
tical  method  used  for  evaluating  the  zonal  vibrational 
behavior  will  also  bo  discussed.  In  addition,  tin 
application  of  peak  counting  will  be  presented.  This 
technique  affords  a  method  for  objectiveii  evaluating 
the  cumulative  random  vibration  exposure  ib\  intro¬ 
ducing  time  as  a  panuneten  that  a  given  piece  of 
equipment  experiences.  The  paper  concludes  with 
some  recent  results  of  analysis  tuid  testing. 

PHILOSOPHY  OK  TKSTING 

Structural  dynamic  testing  programs  are  im¬ 
portant  mill  frequently  eostli  portions  of  till1  engineer' 
ing  effort  associated  with  die  design  and  mmiufaeture 
of  spacecraft  systems.  The  basic  intent  of  such 
testing  is  to  provide  die  cognizant  program  manage¬ 
ment  with  the  highest  practical  confidence  that  their 
spacecraft-booster  system  will  not  suffer  flight  mal¬ 
function  due  to  vibrator!  effects  induced  ill  the 
vehicle  structure  and  components.  In  order  for  the 
testing  to  be  effective,  it  is  neeessarv  dial  there  be 
minimum  risk  of  producing  laboratorv  failures 
which  are  not  representative  of  potential  flight  fail¬ 
ures.  Hence  even  effort  must  lie  made  to  assure 
that  the  proposed  structural  di  mimic  test  is  the  best 
possible  state- of-tln— a rl  simulation  of  the  anticipa¬ 
ted  flight  environment. 

In  ;ui  I'llort  to  obtain  the  best  possible  state- 
if— tin — a  rt  simulation,  the  lollowing  three  lest 
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i  ll  ii  n  ti  I  I  Airs  :i  iv  di-si  i  :il 1 1 1 ■ . 

1.  I  ci ■* |iii *iii h-q  i'iIhiIhiii  -  lln-  vibrational  energy 
'li.niM  !«•  -list rilmit-.l  in  all  fivqui-m-i  bands  of 
inti-ivst  in  a  manner  licit  .simulates  1  lit-  service 
i  in  i  r<  >11  mi -nt . 

Spatial  distribution  -  lilt-  vibrational  ein-igt 
--tin hi  It)  In-  i  list  nbuU-d  throughout  tin-  strtieluro 
in  a  iiiiuilii  i'  dial  siimilaU-s  tin-  Si-rvii-t-  cnviron- 
m  i-nt . 

.1.  Control  —  lln-  vibrational  cm-rg\  must  In-  i-on- 
Irolli-d  lo  pivu-nl  imroalislieallv  high  levels  al 
am  piniil  oil  lln-  si  ruetuiv. 

A  brief  dismission  of  shaker  versus  acoustic 
testing,  for  aemisliealb  :uul  at- rod\  mimical l\  induced 
random  vibration,  follows: 

Shaker  KxcdnUon 

rin-  res|K>nse  at  points  on  a  structure  that  is  ex- 
eited  at  one  or  more  locations,  bv  shakers,  will 
show  large  fluctuations  in  level  between  frequenev 
bands.  These  fluctuations  w  ill,  in  general,  exceed 
those  of  tile  service  environment.  This  is  caused  bv 
several  factors.  The  excitation  cannot  efficiently 
excite  non resomuit  res|ionse  in  the  stiueture  with  the 
conset|uem-e  that  tJic  structural  response  is  tlomina- 
ted  b\  individual  motlcs.  If  attention  is  restricted 
lo  a  single  point,  these  iTietuations  ciui  be  minimized 
In  \  a  r\  ing  the  force  delivered  In  the  shaker.  How¬ 
ever,  this  presents  serious  control  problems  be¬ 
cause  of  the  high  amplifications  Unit  are  typical  of 
structural  resomuiees.  It  is  then  necessary  to 
notch  the  test  level  in  the  vicinity  of  a  resonance. 
However,  since  small  differences  in  material  prop¬ 
erties  and  assembly  procedures  can  shift  the 
structural  resonant  Irequeneies,  the  frequence 
notches  mav  be  so  wide  as  to  eompromi.se  general 
test  confidence. 

In  addition  to  large  fluctuations  between  the 
frequenev  bands,  shaker  excitation  can  also  induce 
large  differences  between  different  (joints  on  the 
structure.  This  phenomena  is  also  associated  with 
the  single  mode  response  pattern  of  shaker  testing. 
Those  points  on  the  structure  near  nodal  regions  of 
the  particular  mode  being  excited  etui  be  expected  to 
show  verv  little  response  relative  to  those  regions 
near  tuiti-nodes.  This  not  only  compromises  test 
confidence  insofar  as  the  nodal  regions  are  con¬ 
cerned,  luit  also  presents  control  problems,  .-v 
large  number  of  structural  points  must  be  monitored 
to  insure  that  no  large  anti-nodal  response  regions 
tire  overlooked  when  establishing  the  control  levels. 

Another  cause  of  spatial  variation  of  the  vi¬ 
brational  energy  is  related  to  the  apparent  increase 
in  structural  damping  with  frequenev.  For  space¬ 
craft  t\pe  structures,  it  is  reasonable  to  expect 
great  difficulty  in  delivering  significant  energy  above 
bi mi  ||/  to  areas  distant  from  die  shaker  locations 
without  serioush  overexciting  regions  near  the 
shake  rs. 


Acoustic  Testing 

The  important  difference  between  shaker  and 
acoustic  testing  is  the  difference  between  the  spalial 
distributions  of  the  forcing  functions.  When  acous¬ 
tic  excitation  is  used,  it  ran  be  shown,  through 
analysis  of  the  joint  acceptance  functions  of  the 
structure,  that  there  is  a  greater  diffusion  of  vibra¬ 
tory  energy  at  a  specific  point  as  well  as  between 
different  points  on  the  structure.  This  minimizes 
tin- dominance  of  individual  structural  modes  and 
explains  generally  why  aeouslie  fields  are  more 
efficient  at  exciting  the  non- resonant  response.  All 
of  this  only  reflects  what  is  obvious  and  apparent  a 
priori.  That  is,  the  acoustic  excitation  is  in  reality 
a  forcing  function  exciting  each  and  every  point  on 
tin-  structure  (im  infinite  number  of  points)  whereas 
shaker  testing  is  limited  to  a  finite  (and  usually 
small)  number  of  discrete  forcing  functions.  This, 
combined  with  the  fact  that  acoustic  testing  is  a  much 
better  simulation  of  the  actual  flight  environment, 
explains  why  acoustic  testing  is  getting  more  popular. 

However,  where  individual  components  of  the 
spacecraft  are  concerned,  random  vibration  shaker 
testing  is,  in  general,  the  best  possible  test.  The 
inputs  for  the  shaker  test  of  components  conies  from 
acoustic  testing  of  larger  subassemblies  and  systems. 

KOI.lv  OF  ACOUSTIC  TKSTING 

Acoustic  tests  (as  well  as  other  testing)  gener¬ 
ally  fall  into  the  following  three  types: 

1)  development  tests 

di  qualification  tests 

3)  flight  acceptance  tests 

The  intent  of  acoustic  development  testing  is 
to  provide  information  on  those  aspects  of  the  com¬ 
ponent,  b racket ry  and  structural  design  which  cannot 
he  adequately  handled  by  analysis.  Such  testing  fre¬ 
quently  utilizes  engineering  models  of  structural 
assemblies  (e.g. ,  mass  simulated  components!. 
Acoustic  testing  of  a  flight  type  non-operational  space¬ 
craft  system,  at  the  complete  assembly  level,  has 
been  found  to  be  a  valuable  tool  for  uncovering 
b  racket  ry  deficiencies.  Such  testing  also  serves  lo 
verify  the  component  random  vibration  qualification 
specifications  and  helps  develop  consistent  acoustic 
flight  acceptance  test  procedures  and  levels. 

Acoustic  qualification  tests  are  tests  designed 
to  prove  the  ability  of  the  spacecraft  system  to  with¬ 
stand  the  anticipated  inflight  fluctuating  pressure 
induced  random  vibration.  The  optimum  test  in  this 
instance  would  utilize  a  test  article  which  is  flight 
identical  and  operational  as  a  system.  Because  of 
uncertainties  in  predictions  of  the  actual  flight  en¬ 
vironment,  and  to  cover  normal  variations  in 
vehicle  and  flight  fluctuating  pressure  characterist¬ 
ics,  this  Ivpc  of  testing  is  accomplished  at  levels 
which  constitute  an  over- test  vis-a-vis  the  best 
possible  flight  predictions.  Failures  uncovered 
during  such  testing  are  considered  design  defects  and 
generally  result  in  corrective  redesign. 
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Flight  acceptance1  tests  arc  intended  to  uncover 
system  peculiar  defects  associated  with  manufactur¬ 
ing  and  assembly  procedures.  They  are  generally 
performed  on  the  actual  flight  vehicles  prior  to 
launch.  Since  these  are  preceded  bv  the  qualifica¬ 
tion  test,  tlie  vehicle  design  is  presumable  adequate, 
and  failures  are  normally  remedied  bv  rework  of 
installations  or  replacement  of  defective  components 
rather  than  by  redesign  of  the  system,  it  is  ex¬ 
tremely  important  that  this  type  of  testing  be  care¬ 
fully  planned  and  controlled,  since  die  risk  of 
creating  incipient  damage  and  thereby  degrading  the 
spacecraft  performance  always  exists  and  must  lie 
kept  to  :ui  absolute  minimum.  Acoustic  am -plane) 
testing  is  a  valuable  tool  for  gaining  confidence  in 
spacecraft  performance. 

The  preceding  discussion  has  dealt  widi  acous¬ 
tic  testing  of  entire  spacecraft  systems  or  major 
subassemblies  thereof.  For  individual  pieces  of 
equipment,  it  is  desirable  that  the  levels  monitored 
(during  systems  testing)  envelope  the  most  extreme 
flight  environments  in  all  frequency  bands.  I'he 
actual  test  levels  which  arc  normally  used,  however, 
are  somewhat  lower  than  this  most  extreme  envelope. 
This  is  so  because  of  die  excessive  costs  associated 
with  designing  all  components  to  pass  die  maximum 
envelope  environment.  Acoustic  development  test¬ 
ing  of  spacecraft  structural  systems  is  very  helpful 
in  resolving  the  vibration  environment  at  the  com¬ 
ponent  level.  High  res|ionse  installations  etui  be 
identified  (i.e.,  those  installations  that  respond  at 
levels  exceeding  the  component  random  vibration 
qualification  levels)  and  corrective  action  (e.g. , 
incorporation  of  vibration  isolation  mountsi  taken. 

As  an  example  of  the  above  concept,  Figure  1  shows 
random  vibration  levels  on  a  component  installation 
which  were  uncovered  during  a  system  level  acoustic 
development  test.  The  original  levels  substantially 
exceeded  the  qualification  level  for  this  component. 
Corrective  action  consisted  of  the  relatively  simple 
incorporation  of  rubber  isolation  washers  and  die 
resultantvibration  was  thereby  reduced  to  accepta¬ 
ble  levels.  The  component  subsequently  performed 
without  malfunction  during  flight. 

DISCUSSION  OF  SPACKCKAFT  FLIGHT  KNVIlfON- 
MKNTS 

Atmospheric  operation  of  space  vehicles  will 
be  accompanied  by  fluctuating  pressure  sources  on 
die  external  vehicle  surfaces.  This  service  envir¬ 
onment  is  generated  bv  such  sources  as  engine 
exhaust  noise,  boundary  layer  turbulence,  separated 
flow,  base  pressure  fluctuations  and  oscillating 
shock  waves.  The  various  characteristics  of  inter¬ 
est  for  these  environments  arc  die  distributions  of 
pressure  levels  over  the  vehicle  surface,  frequency 
distributions,  impingement  angles,  convection 
speeds  and  die  spatial  extent  of  a  correlated  fluctua¬ 
ting  pressure  field.  These  fluctuating  pressure 
sources  can  be  separated  into  either  an  acoustic,  or 
tin  aerodynamic  environment.  Bv  acoustic  is  meiuit 
pressure  fluctuations  that  propagate  widi  die  s|>ccd 
of  sound  and  are  appropriately  described  bv  ordinary 
acoustic  theory.  The  aerodynamic  pressure  fluctua¬ 
tions  encompass  a  broader  environment  dial  includes 
turbulent  boundary  laver,  separated  flow,  oscilla¬ 
ting  shock  waves,  etc.  in  addition  to  the  random 


vibration  response  induced  b\  the  fluctuating  pres¬ 
sure  distributions,  there  is  also  present  die  induced 
random  ivsponse  due  to  the  mechanical  excitation  of 
tile  engines. 

The  acoustic  environment  G  ig.  -i  exists 
during  the  short  interval  ol  time  that  the  space 
vehicle  is  in  the  immediate  vicinity  of  the  launch 
pad.  While  it  has  been  possible  to  obtain  some 
aiiahtionl  p-edirtions  of  this  cnvi rom.icnl,  a  *ulli.— 
icnt  bod\  ol  measured  data  also  exists  so  tint  a 
reasonable  d<  Imilion  can  lie  made  ol  this  cnvi  t  olimeiit. 

I  lie  important  characteristics  ol  tins  environment 
depend  on  the  total  power  generated  In  the  engine, 
e  It  In  >;  velocity  ol  die  exhaust  issuing  from  the  engine 
nuzzle,  die  diameter  ol  the  nozzle  exit  plane,  and 
the  design  of  the  launch  pad  flame  buckets  and  ex¬ 
haust  tunnels.  The  spatial  distribution  ol  the  overall 
sound  pressure  level  over  the  length  ol  the  vehicle 
decreases  as  the  measurement  station  movi  s  for¬ 
ward  of  die  engine  exhaust. 

The  frequency  spectrum  typical  1\  peaks  at 
approximately  lOd-oOO  Hz  mid  rolls  off  rather 
rapidly  with  lime.  Dm  to  this  external  environment, 
die  internal  equipment  of  the  vehicle  experiences  a 
severe  acoustically  induced  random  vibration  with 
significant  energy  distribution  over  a  wide  portion  of 
the  frequency  spectrum.  The  power  spectral  density 
of  die  acceleration  response  is  highly  dependent 
upon  localized  installations  and  small  changes  e:ui 
significantly  shift  the  distribution  ofenerg’’  that  a 
given  piece  of  equipment  experiences. 

For  upper  stage  space  vehicles,  the  aerody¬ 
namic  pressure  fluctuations  il-'tg.  !h  over  local 
external  surfaces,  during  flight  through  the  transon¬ 
ic  regime,  can  be  ill  the  order  of  JlidB  higher  than 
the  liftoff  acoustic  environment.  Such  excitation  is 
usually  associated  with  oscillating  shock  separated 
flow  interactions.  This  aerodynamic  environment 
is  vc it  difficult  to  predict  and  miuiv  features  of  it 
are  clouded  by  uncertainties.  Predictions  are 
analy  tically  cumbersome  and  :ui  appropriate  body 
of  data  does  not  exist  to  give  a  completely  sufficient 
empirical  definition.  There  are  several  approaches 
that  van  be  taken  to  obtain  further  information  on 
this  environment;  additional  theoretical  studies, 
yviml  tunnel  tests  oil  models  :uid  Bight  measurements 
on  vehicles.  As  a  practical  mailer,  a  combination 
of  all  three  approaches  ts  usually  used.  Theoretical 
:uid  yy  iinltunnel  studies  establish  such  general  Ira¬ 
ni  ivs  as  overall  levels  ;unl  spectral  shapes,  while 
flk.'it  measurements  are  used  to  corroborate  these 
features.  The  intensity  of  the  aerodynamic  pressure 
fluctuations  can  generally  be  correlated  with  the 
dynamic  pressure,  q,  of  the  space  vehicle,  ranging 
Irom  0. tl  to  Jit  percent  of  q.  Maximum  levels  will 
occur  between  the  Maeli  o.  '  and  maximum  dynamic 
pressure  conditions  depending  oil  tile  location  h<  inn. i 
the  nose  of  tlii  shroud,  as  well  as  on  the  giomctn 
of  the  shroud  itself.  The  Ircqucncy  content  ol  the 
aerodynamic  excitation  deix-nds  on  the  type  ol  I  low 
being  considered,  lull  generally  shows  more  of  tin 
total  energy  concentrated  at  higher  Inqucncns 
w lien  compared  to  tile  acoustic  ixeitation  at  litt-otf. 

It  is  the  exti  roal  fluctuating  pressure  source* 
described  above,  coupling  with  the  surfaces  of  the 
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1 1  ri  >11. 1 ,  ih.it  rnmbim-  with  I  In-  aeiiuslii-  Mini  mi-tliaili- 
■  .«!  ti  Miismi-i-utm  pnllw  in  -iiililisli  tin.'  envi ronim-nt 
ill  i  sliruinl  i  iii  li.'Si  .1  sparcciaft.  Till'  acoustic  trans- 
«i  •  m  'i-i  f  .ith  T .  ft  v.  rt  mptvrtarrt  when .  -onsi.h  v- 
mi.'  tin  at-i-wh  iiamir  ini  ini  i  1 1  i  mi  \  i  roit  nil'll  l  since  il  is 
know  ii  In  In-  |iniii:iiil\  a-luvcl  I  mn- 1  i  i  ni  ol' '  ili'iisilv  of 
||i  ■  .  in -l.wting  ihc  i". |1  |%.  „,qi| I i-jf| bmi 

lii-iv  is  ilial  high  external  mi1  mill  n:i mil-  pressure 
ritlrliiMlioils  ilo  not  m-t-cssai  ill  ivsull  in  :i  Infill 
spacecraft  Mi'imslir  cm  i  rimmi-nl .  To  establish  till1 
mil- rn:il  environment  of  Ui<-  slirnii'l  Mini  spacecraft, 

:i  \ »•  r\  earefiil  stink  nnisl  In-  iiki.Ii-  ol  tin-  lioosli-r  :uiil 
laimrll  | I  to  In-  iisi-iI,  lln-  I  i  :i|i-i-loi'\  Mini  l\ |n-  of 
sli  i‘i iin I  lo  In-  I'limn,  -.uni  lln-  .hiiMinii-  ilia raelerist ii-s 
ol  tin-  s| imi'iv rail  list  - 1 f. 

Mi’i-ll:uiii-:il  i-Nt-ilMlion  im-hulos  :i  i-mihIoiii  vi- 
1 1  rnl  it  ni  i -m  i  ronim-nt  lli:ii  is  transmitted  from  lln- 
engine  Mini  Us  associated  i nitiii n no  nuii-liiin-n  through 
lln-  primai'V  Mini  secondary  vehicle  si rueUm-s  .-uni 
shins  in  lln-  equipment.  Tile  response  spectrum  of 
lln-  t-iiiiipiiioiil  is  kroMil  Mini  lln-  excitation  exists 
during  lln-  t-nlii'e  engine  liurn  sequence  mill  ms  sueli 
its  el'foel  must  In-  eonsitle reil  with  lln-  liftoff  Mini 
I  I'Miisonie  t-nvi  roil nn-iils. 

ANA  I.V  riCAI.  IMtlK'l'iOCKKS  FOR  DETERMINATION 
ok  srurrmtAi.  uksidnsi-:  to  adoi/str's 

TIh-  MlinlilieMl  procedures  presently  available 
for  tin-  calculation  of  fluctuating  pressure  field  in— 
iliieetl  si ruetiii'Ml  response  ami  noise  reduelion  fall 
into  tuo  liroatl  categories:  tin-  lireel  modal  super¬ 
position  ieehnit|ue  and  lln-  meUioils  of  slatistieal 
viler-;'  MUtdOd# 

Dirt-el  Modal  Superposition  Approm-li 

T'lJs  Jtaetbul  is  >mli  pi-ji.-.-1'eal  iU  Ut-  fir- -'4W'ila>' 

hands  wlu-re  the  struetural-aeoustie  svslem  has  a 
small  number  of  modal  frequencies.  A  wide  riuige 
of  random  resjionse  problems  have  been  attacked  bv 
fids  method.  The  basic  approach  lias  developed 
directly  from  tin-  eonventional  methods  of  structural 
vibration  analysis.  The  normal  modes  of  the  struc¬ 
ture  are  generated  by  finite  element,  finite  difference, 
imah  tieal  methods,  or  by  a  ground  vibration  survey. 
The  response  is  then  taken  as  a  superposition  of 
these  modes  and  linear  random  process  theory  is 
utilized  to  develop  It.MS  values  and  power  spectra  for 
response  quantities  of  interest.  The  response  ex¬ 
pressions  are  usually  specified  in  terms  of  modal 
transfer  functions  and  the  excitation  field  cross- 
power  spectral  density.  This  latter  quantity  is  diffi¬ 
cult  to  obtain  for  certain  pressure  fields  of  interest 
K-.g. ,  oscillating  shock  and  separated  flow  .especial¬ 
ly  in  tin-  higher  frequency  bands i.  Other  difficulties 
arise  in  the  higher  frequency  bands  (i.e. ,  these 
bands  usually  contain  large  numbers  of  modes  each  of 
which  will  lie  more  costly  to  define  either  bv  numeri¬ 
cal  calculation  or  by  measurement*.  As  a  result  of 
these  difficulties  considerable  effort  lias  been  expan¬ 
ded  on  the  development  of  die  alternate  procedures  of 
statistical  energy  analysis. 

statistical  Energy  Analysis 

This  method  of  attack  was  motivated  in  part  lie  the 
statistical  analysis  of  room  acoustics  and,  in  like 


fashion,  generates  a  response  power  spectrum 
which  is  an  average  over  a  portion  of  the  acoustic- 
strueturnl  system.  Such  averages  best  characterize 

tin'  i .  m , ni. i i  wiii'ii  l\h.  fields  uf  illuetin  al  vibration 
and  acoustic  pressure  can  be  considered  reverber¬ 
ant.  In  an  application  of  statistical  energy  analysis, 
tie  ,r.,-itli  of  the  jttwtrnf-  t.«raiRr.-d  oyaleivi  fl-rv 
divided  into  groups  in  which  each  mode  of  a  particu¬ 
lar  group  is  coupled  in  a  similar  fashion  to  nil  of  the 
modes  of  one  of  the  oilier  groups.  For  example,  the 
resonant  inodes  of  a  shroud  in  a  specified  frequency 
band  might  lie  divided  into  the  group  of  acoustically 
last  modes  (well  coupled  to  the  modes  of  the  internal 
sound  field)  anti  a  group  of  acoustically  slow  modes 
(poorly  coupled  In  the  internal  sound  field).  Each 
modal  group  is  characterized  by  an  energy  variable, 
tin-  average  energy  per  mode,  which  can  be  directly 
related  to  tin-  aforementioned  space  and  frequency 
band  averaged  response  power  spectra.  A  power 
balance  equation,  involving  the  energy  variables, 
may  be  written  for  each  modal  group.  The  result  is 
a  set  of  linear  nonhomogeneous  algebraic  equations 
in  tin-  energy  variables,  where  the  average  (for  a 
frequency  band)  resonant  and  nonresonant  power  in¬ 
puts  lo  Uie  system  constitute  the  inhomogeneous  or 
forcing  terms.  This  method,  originally  applied  to 
reverberant  acoustic  field  excited  structures,  may 
be  extended  to  general  random  pressure  field  excita¬ 
tion  (e.g. ,  a  turbulent  boundary  layer  pressure 
field).  The  elements  of  the  matrix  of  coefficients  of 
the  energy  variables  in  the  set  of  power  balance 
equations  is  composed  of  modal  group  average  modal 
densities  and  dissipation  loss  factors  as  well  as 
average  coupling  loss  factors  between  the  modal 
groups.  \u  ftdvwftflst  of  sVuUfiUewV  vr.org>'  wrady-str. 
is  that  expressions  for  averaged  system  parameters 
such  as  group  modal  densities  and  inter-group  coup¬ 
ling  loss  factors  calculated  for  simple  systems  may 

Ur  4n  *wiw -fVUM  eoTflj T*n 

Response  and  noise  transmission  characteristics 
predicted  by  statistical  energy  analysis  for  rather 
complex  systems  agree  well  with  measured  data  for 
the  case  of  spacecraft  acoustic  path  excitation  (no 
coupling  between  groups  of  structural  modes). 
Agreement  is  less  favorable,  however,  for  the  case 
of  spacecraft  mechanical  path  excitation  due  to  un¬ 
certainties  in  the  coupling  loss  factors  between 
groups  of  structural  modes. 

Although  each  of  the  above  response  prediction 
techniques  has  inherent  limitations,  they  serve  to 
identify  the  pertinent  system  parameters  and  to  pre¬ 
dict  gross  response  trends  and  thus  provide  a  basis 
for  rational  test  planning. 

LABORATORY  ACOUSTIC  TESTING  TECHNOLOGY 

Failures  and  techniques  for  the  laboratory 
acoustic  testing  of  full  size  spacecraft  have  evolved 
rapidly  during  the  past  ten  years.  Although  this 
type  of  testing  is  a  relative  newcomer  to  the  aero¬ 
space  testing  field,  it  has  established  itself  as  a  use¬ 
ful  and  practical  engineering  tool. 

The  types  of  acoustic  fields  that  can  be  genera¬ 
ted  in  commercial  testing  facilities  are  basically 
divided  into  three  categories: 

1.  Reverberant 
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2.  Direction  radiation 

3.  Progressive  wave 

These  are  illustrated  in  simplified  fashion  in 
Figure  ■!. 

Reverberant  field  testing  consists  of  introduc¬ 
ing  acoustic  energy  into  a  room  possessing  highl\ 
reflective  walls.  The  field  developed  is  intended  to 
be  diffuse  in  that  the  spectral  content  is  approxi¬ 
mately  equal  at  any  location  within  Lhc  room.  The 
actual  acoustic  fields  generated  in  revel-in  rant 
chambers  can  be  considered  diffuse  only  above  a 
chamber  peculiar  lower  frequency  limitation.  The 
larger  the  room,  the  lower  this  frequency  becomes. 
This  is  an  important  consideration  when  planning 
acoustic  tests  in  reverberant  chambers.  This  tvpc 
of  testing  is  the  one  most  eommonlv  used  for  testing 
spacecraft. 

In  specifying  a  rove rbc null  aeoustie  lest,  the 
random  nature  of  the  aeoustie  field  over  space  las 
>vell  as  over  time|  must  be  considered.  Thus  for 
example  it  is  somewhat  ambiguous  to  speeifv  tliat 
the  acoustic  spectra  should  be  150  •  2 dll  throughout 
the  test  chamber.  The  random  nature  of  the  sound 
field  makes  it  neeessarv  to  consider  the  probable 
deviations  in  sound  intensity  throughout  the  chamber 
volume.  It  would  be  more  realistic  to  specify  cither: 
ll  a  permissible  spatial  standard  deviation  of  Un¬ 
sound  level,  or  2i  a  requirement  that  Uu-  nu-mi 
sound  level  fall  within  some  interval  with  a  given 
confidence  level.  The  spatial  uniformity  of  the 
acoustic  field  generated  in  I.MSC'k  21)0,000  ft-1  re¬ 
verberant  cell  is  shown  in  Figure  5. 

Two  methods  for  varying  the  space-time 
correlation  of  the  test  acoustic  field  have  been  in¬ 
vestigated  and  are  in  limited  use.  These  are  local 
reinforcement  of  the  reverberant  field  bv  use  of 
direct  radiation  of  the  noise  generator  on  the  test 
specimen,  and  development  of  a  progressive  wave 
field  over  the  specimen  surface.  BoUi  techniques 
make  possible  limited  duplication  of  the  converting 
and  decaying  fluctuating  pressure  fields  encountered 
in  flight.  The  spatial  correlation  functions  in  each 
ease  differ  from  flight.  Direct  radiation  fields  have 
greater  correlation  over  the  specimen  surface  Utait 
flight  in  the  region  of  high  intensity,  and  they  are 
nonconvccting.  The  progressive  wave  environment 
does  possess  a  conceding  characteristic,  however 
the  speed  of  convection  and  decay  of  the  field  differ 
from  those  of  flight. 

Progressive  wave  testing  consists  of  develop¬ 
ing  a  field  of  pkme  wave  acoustics  propagating  along 
a  duct  and  passing  over  the  test  specimen  surface. 
The  waves  are  then  either  allowed  to  expand  into  a 
large  area  or  lx-  absorbed  in  :ui  -un-choir  termina¬ 
tion.  Although  this  type  of  testing  has  certain 
attractive  advantages,  such  as  minimum  power  re¬ 
quirements,  it  is  highly  specialized  m  its  applica¬ 
tion  to  spacecraft  systems. 

Direct  radiation  testing,  however,  shows 
distinct  potential  advantages  over  purrh  reverber¬ 
ant  testing  and  I.MSt'  has  incorporated  the  capability 
for  direct  radiation  testing  in  its  aeoustie  lucililv. 


The  general  concept  of  direct  radiation  testing  is 
illustrated  on  Figure  The  intent  is  to  develop  an 
acoustic  field  Unit  yaries  in  spatial  intensity  over 
the  lest  specimen  surface  and  thereby  more  nearly 
simulates  tin-  nonunilorm  flight  environment  associa¬ 
ted  yyilh  shock /boundary  layer  interaction.  This 
approach  has  been  studied  in  detail  and  the  capability 
no\y  exists  for  such  testing. 

STATIS'I  ICA  I.  DATA  KVA  l.l'ATION  TU'IINKH'KS 
FOR  UK KI VATU  )N  OF  COM  I’dNKNT  TKST 
SPKUI-'ICATIONS  i(T  lfUK.VI  MKTllnUi 

A  statistical  t  real m < -nl  of  vibration  response 
data  provides  the  only  vi tilth  approach  -Alien  dealing 
with  an  excitation  phenomenon  that  is  not  only  ran¬ 
dom  in  nature,  Imt  vlueli  also  excites  a  complex 
st rueturnl  assembly  that  exhibits  such  a  variation  in 
its  local  dy  namic  properties  that  a  precise  descrip¬ 
tion  ol  the  overall  stinetural  response  characteris¬ 
tics  cannot  be  made.  Knelt  statistics  are  extremely 
useful  for  mud v r.illg  Uu-  response  of  equipment 
sections  for  a  given  type  excitation,  and  for  estab¬ 
lishing  signi fiesuu  trends. 

Ty  pically  ,  a  statistical  derivation  begins  yyith 
assembling  acceleration  spectra  lor  equipment  or 
st  inetural  installations  that  are  considered  to  have 
siftfilar  dynamic  characteristics.  The  appropriate 
selection  oi  data  from  tlu-sc  zones  is  important  for 
establishing  meaningful  data  trends.  Kaeh  zonal 
ai-eclc  ration  spectrum  is  divided  into  narrow  fre¬ 
quency  hands,  such  as  one-third  octaves,  and  a 
SeightoM  average  vibration  level  rccoidcd  for  each 
Iwim.  The  values  obtained  for  a  given  zonal  Ire- 
queitey  luuid  are  then  fitted  into  a  statistical  model. 
The  statistical  model  used  ran  lx-  that  of  ;ui  assumed 
distribution.  A  log-normal  distribution  seems  to 
provide  an  adequate  fit  of  tin-  vibration  data  obtained 
from  complex  st  rue  lures  under  a  wide  variety  oi 
ei  mi  instances,  other  -  list  rilmt  ions  e.-ut  also  lie 
assumed  if  they-  appear  to  give  a  better  description 
of  Uu-  data.  Also,  when  sufficient  data  exists,  the 
data  nut  In-  used  directly  as  the  appropriate  statisti¬ 
cal  model.  A  pereenlile  estimate  is  then  selected 
and  the  value  ol  this  estimate  lor  i  aeh  frequeney 
band  is  used  to  eons trucl  a  statistical  spectrum. 

The  above  described  derivation  is  i Hast  rap'd  in 
Fig'll  re  7. 

I'lle  pel vi -mi  le  estimate  of  the  -  list  n but um 
Uiat  is  selected  depends  upon  the  type  of  imahsis 
being  made.  The  median  spec!  Willi  is  usually  used 
In  establish  trends  based  on  the  laet  that  mam  data 
points  influence  the  shape  of  this  spectrum.  Higher 
pereenlile  estimates  of  tin-  distribution  e:ui  lie  influ¬ 
enced  signi  (leant  ift  by  only  a  low  extremely  high  or 
low  values;  him  evefe  i  f  the  median  peel  rum  lias 
high  values  for  certain  trcqueiu-v  bands  it  is  reason¬ 
able  to  expect  that  '  disproportionate  amount  of 
energy  is  centered  liven-.  This  must  also  lie  con¬ 
sidered  when  a  dele  rm  mat  ion  is  being  made  as  to 
whether  fit  use  a  broadband  random  test,  a  random 
swept  riuidmn,  nr  a  random  swept  sme  test.  Tile 
manipulation  ol  the  data  to  Obtain  llu-si  types  ol  test 
speei lieations  is  shown  m  Figure  -. 

Tile  broadband  lesi  level  i>  ivpieallv  obtained 
by  eoit-t  I'uetillg  a  weighted  ciiVi  lope  ol  ; In  Potfi 
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cons  idc  red. 


pern-mile  spectra  ami  tile  peak  acceleration  levels, 
rile  broadband  level,  for  random  swept  random  test¬ 
ing,  is  tvpicallv  obtained  bv  taking  die  energy 
ilist "ilnition  of  tile  50th  (lereentile  spectra  appropri- 
alel\  ratioed  to  obtain  ;ui  energy  level  corresponding 
to  the  Path  percentile  overall  Grins  level.  The 
random  swept  sine  background  level  is  obtained  in  a 
similar  manner.  The  sweep  level  is  obtained  from 
the  Hath  percentile  of  Ute  slatistieal  spectra.  The 
b.mdwidlh  of  die  random  sweep  is  adjusted  to  ade- 
i|tiatel\  account  for  the  width  of  die  energy  spikes 
that  protrude  above  die  adjusted  background  level. 
Normally  the  sweep  bandwidth  is  51)  llz. 

for  rcs]>onse  spectra  having  only  a  discrete 
number  of  narrow  peaks,  die  random  swept  sine  or 
the  nuidom  swept  random  tests  have  an  overall 
energy  level  much  lower  than  the  broadband  random 
test,  lienee,  die  swept  sine  and  swept  random  con¬ 
cept  has  a  much  lower  chance  of  causing  an  unreal¬ 
istic  failure  to  occur.  These  considerations  may  be 
overweight'd,  however,  if  the  manufacturer  does  not 
have  the  testing  capability  to  conduct  sweep  ty  pe 
testing.  Then  the  cost  of  shipping  the  component  to 
a  better  equipped  test  facility  must  be  weighed 
against  a  higher  level  test  and  greater  probability  of 
an  unrealistical  failure. 

The  acceleration  response  spectra  for  the 
liftoff,  transonic  and  engine  burn  conditions  are 
compiled  from  data  taken  during  acoustic  testing, 
engine  hot  fire  testing,  prior  tests  on  similar  strue- 
lures,  flight  test  results,  etc. 

STATISTICAL  DATA  EVALUATION  TECHNIQUES 
EOlt  DERIVATION  Of  COM  PON  ENT  TEST 
SPECIFICATIONS  (NEW  METHOD) 

The  method  for  deriving  test  specifications 
discussed  in  the  previous  section  does  not  explicitly 
account  for  the  time  history  differences  in  the 
various  environments  encountered  by  die  spacecraft. 
For  example,  a  perusal  of  figures  2  and  3  will  show 
that  the  rolloff  of  the  transonic  levels  is  tnuchsloyver 
than  those  at  liftoff.  Hence  a  mere  comparison  of 
the  levels  of  the  response  is  incomplete.  A  more 
consistent  approach  objectively  combines  the  level 
as  well  as  the  time.  This  is  accomplished  through 
die  utilization  of  a  technique  referred  to  as  (leak 
counting.  While  this  technique  is  certainly  not  new, 
we  feel  that  its  application  to  the  development  of 
component  specifications  for  entire  spacecraft  sys¬ 
tems  has  value. 

The  peak  count  method  affords  a  means  for 
objectively  evaluating  the  eumulative  random  vibra¬ 
tion  exposure.  It  implicitly  assumes  that  equipment 
damage  iiotential  is  linearly  related  to  the  cumula¬ 
tive  peak  distribution.  The  peak  count  method 
explicitly  introduces  time  as  a  parameter.  It  accu¬ 
mulates  die  total  random  vibration  ex|x>sure  that  a 
qualification  unit  experiences  (e.g. ,  development, 
qualification,  reliability  testingi  and  compares  it  to 
what  a  flight  unit  experiences  (e.g. ,  box  acceptance, 
system  level  acoustic  acceptance,  worst  case  flight 
environment!.  If  a  given  box  possesses  a  sufficient 
positive  margin  (demonstrated  capability  exceeds 
exposure  of  flight  unitsi,  the  unit  is  considered 
flightvvorthv.  If  not,  remedial  matters  must  be 


Tyvo  basic  assumptions  are  made  in  the  devel¬ 
opment  of  this  approach.  First,  it  is  assumed  that 
a  broadband  random  signal,  whose  PSD  amplitude 
varies  with  frequency,  can  be  treated  on  a  narrow 
band  basis;  and  second,  that  the  signals  being  ana¬ 
lyzed  can  be  described  as  an  ergodic  random 
process  whose  instantaneous  amplitude  is  normally 
(Gaussian)  distributed. 

If  both  of  these  assumptions  are  valid,  it 
follows  then  that  the  peak  distribution,  in  any  given 
narrow  band,  is  Rayleigh  distributed.  A  review  of 
recent  flight  data  indicates  the  validity  of  the 
assumptions  employed  (e.g. , Fig.  9).  Some  scat¬ 
tering  of  the  data  in  this  figure  is  noted  at  the  high 
sigma  values  for  the  liftoff  environment.  This  is 
probably  due  to  the  rapid  change  in  the  overall 
levels  for  this  flight  event.  The  applications  of  the 
peak  count  method  are  less  developed  than  the 
statistical  method  formerly  discussed.  It  has  been 
used  to  verify  margins.  However,  the  methods  for 
developing  new  test  specifications  (if  margins  are 
negative  or  inadequate)  are  not  fully  developed. 

The  method  is  schematically  illustrated  in  Fig.  10. 

ACOUSTIC  TESTING  CAPABILITY 

The  acoustic  facility  recently  constructed  at 
LMSC  provides  the  largest  and  most  versatile 
vehicle  test  capability  available  for  high  intensity 
acoustic  testing.  The  facility  has  been  designed  not 
only  to  accommodate  large  space  vehicles  but  also 
to  provide  the  flexibility  of  performing  acoustic  tests 
on  vehicle  sections  or  subsystems  with  the  incorpor¬ 
ation  of  two  smaller  test  cells  within  the  complex. 
The  physical  characteristics  of  the  test  cells  are 
shown  in  Figure  11, 

The  noise  generators  consist  of  twelve  Ling 
EPT  200  transducers  and  four  Wyle  Laboratories 
WAS  3000  transducers  rated  for  a  maximum  of 
240,000  watts  of  acoustic  power  when  operated  into 
an  anechoic  termination.  The  Ling  transducers 
were  acquired  to  provide  as  much  high  frequency 
spectral  control  as  possible  and  the  Wyle  units  to 
generate  low  frequency  acoustic  power.  Exponen¬ 
tial  horns  with  low  frequency  cutoffs  varying  from 
44  to  350  Hz  are  available  to  provide  maximum 
spectral  shaping  capabilities.  The  transducers  are 
operated  with  gaseous  nitrogen.  A  simplified  illus¬ 
tration  of  the  operation  is  presented  in  Figure  12. 

An  important  aspect  is  the  facility's  Data 
Acquisition  and  rontrol  System.  A  block  diagram 
of  the  system  is  presented  in  Figure  13.  The  basic 
system  is  designed  to  acquire  real  time  data  from 
up  to  140  piezoelectric  transducers  and  112  resis¬ 
tive  strain  gages. 

RECENT  RESULTS  (ACOUSTIC  TEST  SIMULATION 
OF  THE  EXTERNAL  SPACECRAFT  ASCENT 
ENVIRONMENT) 

In  an  effort  to  determine  the  ascent  environ¬ 
ment  and  the  induced  random  vibration  response  of 
a  spacecraft  within  a  shroud,  an  instx-umented 
shroud  and  spacecraft  were  exposed  to  acoustic 
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excitation  representative  of  the  flight  fluctuating 
pressure  fields.  This  section  describes  how  this 
external  service  environment  was  defined  and  how  it 
was  then  simulated  in  the  tost  laboratory. 

From  previous  flight  experience,  it  was  known 
that  tlie  acoustic  environment  generated  at  lift-off 
would  be  the  most  significant  service  environment 
over  the  aft  section  of  the  shroud;  and  for  the  for¬ 
ward  section,  aerodynamic  fluctuating  pressure 
fields  generated  by  a  terminal  shock  wave  interac¬ 
ting  with  the  boundary  layer  beneath  t  would  domi¬ 
nate.  While  the  lift-off  envi  ronment  could  lie  d.  lined 
from  actual  launch  pad  measurements,  il  was  con¬ 
sidered  necessary  to  further  define  die  aerodynamic 
environment  through  wind  tunnel  testing. 

Wind  tunnel  tests  were  conducted  in  the  1  'i- fool 
Propulsion  Wind  Tunnel  at  the  Arnold  Kngineoring 
Development  Center,  Tullahoma,  Tonn.  As  part  of 
this  test,  aerodynamic  pressure  fluctuations  and 
static  pressure  measurements  were  obtained  og 
three  nose-cylinder  combinations;  a  blunted  I  a 
nose-cylindc^,  a  25  -10  biconic  nose-cylinder, 
and  a  25  -10  biconic  nose  with  a  corrugated  cylin¬ 
der.  These  configurations  are  illustrated  in  Figure 
1-1.  While  the  biconic  corrugated  model  was  the  con¬ 
figuration  of  primary  concern,  the  15°  cone-cylinder 
served  as  a  simple  baseline  configuration  to  which 
the  data  from  the  more  complicated  laconic  configur¬ 
ation  could  be  compared.  The  laconic  smooth  model 
was  used  to  evaluate  the  effect  of  the  external  corru¬ 
gations  on  the  aerodynamic  fluctuating  pressure  field. 
The  diameter  of  the  wind  tunnel  models  was  1.  *  feet, 
representing  an  IS1','  modeling  of  the  full  scale  con¬ 
figuration  and  a  1'V  blockage  of  the  test  section.  The 
models  were  extensively  instrumented  with  fluctuat¬ 
ing  pressure  pickups  utilizing  some  fifty -five  1/1  fi 
inch  diameter  Kulitc  and  seventy  I/s  inch  diameter 
Kistler  microphones. 

Wind  tunnel  test  runs  were  made  at  discrete 
Mach  numbers  between  O.ti  and  1.1,  and  the  angle 
of  attack, was  varied  between  0  and  ;  10  degrees. 
Because 'of  the  large  model  size,  it  was  possible  to 
keep  the  Reynolds  number  and  associated  wing  tunnel 
dynamic  pressure  fairly  typical  of  the  actual  flight 
condition  at  most  Mach  numbers.  The  most  seven- 
shock  induced  fluctuating  pressure  levtls  occurred 
at  M  0.H  with  an  angle  of  attack  of  fl  degrees 
(Figure  L5|.  Vortices  generated  upstream  In  the 
shock  wave  on  the  nose  cone  caused  the  terminal 
normal  shock  at  the  cone-cylinder  intersection  to 
ripple  (Figure  ltii.  The  longitudinal  range  of  the 
terminal  shock,  which  corresponds  to  the  maximum 
noise  peaks,,  is  shown  in  Figure  17.  Typical  spectra 
in  the  vicinity  of  the  terminal  normal  shock  are  pre¬ 
sented  in  Figure  Is,  Under  the  local  separation 
bubble,  the  shock  dominates  the  spectra  which  con¬ 
sequently  shows  more  low  frequency  content,  in 
the  turbulent  boundary  layer  behind  the  shock  gener¬ 
ated  noise  peaks,  the  fluctuating  pressure  levels  did 
not  exceed  145(11). 

The  effect  of  die  nose  configuration  and  corru¬ 
gations  is  illustrated  in  Figures  lit  :uul  20.  The  25- 
10  biconic  nose  causes  a  significant  reduel  ion  in 
the  terminal  normal  shock  pressure  fluctuations 
relative  lo  the  15  cone  cylinder,  but  adds  a  region 


of  high  excitation  aft  of  the  com— cone  shoulder.  'The 
corrugated  skin  configuration  considerably  alters 
both  the  lewd  and  the  shape  of  the  fluctuating  pres¬ 
sure  distributions.  'The  terminal  normal  shock 
stands  farther  alt  on  the  corrugated  model,  and  not 
only  is  the  shock  noise  greater  for  the  corrugated 
configuration,  Imt  an  additional  fluctuating  pressure 
peak  occurs  near  tin-  leading  edges  of  lbe  eoi  roga¬ 
tions. 

Figure  21  presents  the  most  significant  lea- 
lures  of  tin-  iinal  ascent  service  environment.  Kx- 
eept  over  die  nose  com  and  in  the  immediate 
vicinity  ol  tin-  nose  cone  -  shroud  cylinder  intersec¬ 
tion,  the  liftoff  aeouslie  field  is  dominant.  Figure 
22  presents  typical  speetia  lor  liftoff  and  transonic 
flight.  Tin-  liftoff  spectra  was  obtained  from  a  (loth 
percentile  estimate  ol  lbe  actual  launch  pad  meas¬ 
urements.  The  transonic  spectra  was  obtained  In 
Stroulml  sealing  of  a  worst  ras  ■  envelope  of  Un¬ 
wind  tunnel  test  results. 

At  present  much  effort  is  being  expended  In 
tlie  Aerospace  industn  in  establishing  criteria  for 
simulating  the  flight  fluctuating  pressure  fields  in 
an  acoustic  lest  cell.  To  establish  an  equivalence 
for  a  given  flight  vehicle  svsti  m,  consideration 
must  be  given  to  the  frequency  content,  spatial 
correlation  and  spatial  sound-pressure  level  dis¬ 
tribution  of  the  external  fluctuating  pressure  field, 
in  most  instances,  the  spatial  eon-elation  and 
sound-pressure  level  distribution  of  the  lest  envir¬ 
onment  is  fixed  l>v  the  nature  ol  Lhc  test  chamber; 
equivalence  between  flight  ami  test  conditions  must 
then  lie  established  through  control  of  the  frequence 
content  of  the  aeouslie  environment  generated.  'The 
problem  of  establishing  complete  equivalence  will 
be  greatlv  simplified  if  the  local  sound-pressure 
level  variations  in  the  flight  environment  can  be 
reproduced  in  tile  test  chamber;  for  then  onlv  one 
uncontrolled  acoustic  function  remains,  the  spatial 
correlation.  Flight  data  indicates  that  this  function 
can  to  some  extent  be  accounted  for  in  the  Ircqucncv 
domain  be  increasing  Uie  high  frequency  content  of 
the  aeouslie  test  environment.  'This  increase  can 
then  be  catered  to  as  facility  capability  permits. 

For  the  reasons  given  above  a  direct  radialion- 
reverliermtt  test  mode  was  chosen  as  a  means  for 
improving  the  simulation  ol  the  flight  fluctuating 
pressure  fields  in  the  test  laboratory,  refer  to 
Figure  ii.  The  lo<  al  reinforcement  given  In  the 
direct  field  is  utilized  to  simulate  tile  shot  k  dis¬ 
turbed  pressure  fluctuations,  and  the  associated 
reve rl>c rant  field  simulates  the  pressure  fluctua¬ 
tions  aft  of  this  area.  In  thcon  il  would  lie  possible 
to  conduct  two  tests  to  simulate  the  flight  environ¬ 
ment,  one  to  simulate  the  liltol'f 'condition  and  tin- 
other  to  simulate  that  ol  transonic  flight.  However, 
for  practical  reasons  testing  is  carried  out  tor  the 
liftoff  and  transonic  environments  simultaneously. 

In  Figures  25  and  2  I  the  acoustic  fit  Id  of  a  direct 
radiation  -  reverbe  null  P  st  is  compared  to  the 
flight  fluctuating  pressure  fit  Ids  it  wa-  intended  to 
simulate.  A  comparatively  goon  simulation  was 
obtained  of  the  desired  spevtrums  but  the  area  of 
reinforcement  provided  In  tin-  direct  lit  Id  was 
broader  than  that  expected  in  flight.  This  differ¬ 
ence  in  the  area  of  reinloreemeni  ein-ounu  ix  I  ill 
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lb. dll  I  in  I  in  ill!'  test  ilinmht-r  r:ui  lit-  partially  nllll- 
iH-ii~s.il>->!  tin  1 1\  altering  tin-  test  sound-pressure 
Ii-vi-l  in  nil'll  a  u:i\  thill  (lit-  force  del  ire  ml  to  the 
\  i'll i ■ ' !i ■  :  ■  equal  Inr  liotli  i  uses.  It  should  Ik-  reeog- 
n1  -•  'I  tli.it  this  nrniistii'  ii  stui”  t i-i-lniit|ut-  i.s  eompara- 
1 1 \ i ■  I \  ni'«  .mil  still  needs  verification  through  actual 

III  -lilt  '  \|H-  l  li'lll'l'. 

ta-.i'KN  \  is i .si  its  i  mi  inti:  i  ifAi.  mi:  rut »ds 
\M  i  1 !  \l  ’1 1  lil.M  I  I.YI'A  I .  \  I-.  1  { 1 1 It'ATIONi 

tins  section  "ill  review  some  results  of 
llieoivt  n-:il  approaches  that  help  ■li-fint-  tin-  i  lit  i-  mil  I 
iiiisnli'  shi'imili  ni'iiiism-  environment  and  tin-  space- 
i- ra It  t ■> ini | in ifi 1 1  ri'S|nm.si'.  These  theoretical 
ill’ -tin >i Is  a iv  iiivaliiahh'  in  helping  to  ascertain  the 
oM'i'all  '  n -in Is .  \  knou  ledge  of  these  trends,  "lion 

rnnilniii'il  "  illi  available  experimental  data,  providos 
llio  liost  approach  lor  t In*  determination  of  tho 
aomislio  environments  and  equipment  responses. 

liosiilts  "ill  In.'  pivsontod  using  mo  llioorotioal 
approaches;  Stalistioal  Fncrgv  Anabsis  :uid  Modal 
Superposition.  Tlii’  results  from  tho  statistical 
eiiergi  analvsis  "ill  lie  discussed  first. 

flic  statistical  energy  approach  for  calculating 
structural  response  to  a  diffuse  acoustic  field  was 
first  developed  In  l.\on  and  other  workers  at  Holt 
He  ranch  and  Ne"  man.  Using  tliis  method,  IJdSt’ 
derived  a  set  of  equations  which  predict  the  noise 
reduction  and  response  of  concentric  cylinders. 

The  pur|K)se  of  adopting  the  eoneenlrii— cylinder 
model  was  to  simulate  a  space  vehicle  enclosed  In 
a  shroud.  Tin*  model  used  for  the  derivation  of  the 
equations  is  shown  in  Figu re  25.  Here  til  is  the 
external  acoustic  field,  |2>  L  the  outer  cylinder, 
tdi  is  die  internal  acoustic  field,  t-li  is  the  inner 
cylinder  :unl  (5i  is  the  volume  of  the  inner  cylinder. 
To  examine  ho"  well  the  derived  environmental 
i  stlTn.Tti-s  i  oTTnwfi~1  >»  rwpi  ■rtrMrtfr!  .fetti,  Wo 
cylinders  with  the  following  physical  properties 
"ere  tested,  'file  outer  cylinder  was  five  feet  in 
diameter,  five  feet  in  length,  and  had  a  skin  thick¬ 
ness  of  .0  I  inch,  'flic  inner  cylinder  was  -10  inches 
in  diameter,  15  inches  in  length,  and  had  a  skin 
thickness  of .  us  inch.  Doth  ends  of  the  cylinders 
were  covered.  Figure  2(1  is  typical  of  the  results 
obtained  and  shows  the  resulting  noise  reduction  of 
the  outer  cylinder  versus  l/.'i  octave  band  center 
frequency.  The  squares  and  triangles  represent  the 
experiment  noise  reduction  data  of  the  two  micro¬ 
phones  that  are  located  between  the  cylinders.  As 
expected,  in  the  low  frequency  range  the  sound  field 
inside  the  cylinder  will  vary  with  position.  At  high¬ 
er  frequencies,  tile  sound  field  will  approach  a 
uniform  condition,  'file  black  circles  are  the  pre¬ 
dicted  noise  reduction  values.  For  this  calculation 
the  internal  structural  loss  factor  for  the  cylinders 
used  was  .005.  The  acoustic  absorption  coefficients 
assumed  "ere  10  '  for  the  cylinder  walls  and  0.5 
for  the  ends.  Tho  overall  external  sound  pressure 
level  \\  as  1 5; I  dll. 

file  results  of  this  study  were  taken  as  evi- 

vehicle  structure,  the  statistical  energy  method 
"ill  provide  useful  response  and  noise  reduction 
estimates.  A  noise  reduction  calculation  was  then 


made  to  establish  the  internal  acoustic  environment 
for  mi  actual  space  vehicle  equipment  section.  This 
prediction  was  required  to  support  an  acoustic  test 
program  for  the  equipment  modules  within  this 
structure.  Figure  27  compares  the  prediction  made 
with  measurements  obtained  at  various  locations 
within  this  equipment  section  during  subsequent  svs- 
tem  level  tests  in  a  reverberant  acoustic  field. 

While  the  predicted  level  doesn't  quite  envelope  the 
measured  data,  as  one  generally  likes  to  see  in  a 
test  s|K-cification,  it  did  follow  the  general  data 
trends  and  gave  a  reasonable  estimate  of  the  total 
internal  acoustic  energy  level. 

The  direct  modal  superposition  approach  was 
used  to  predict  die  low  frequency  environment  in¬ 
duced  in  an  equipment  section  by  random  pressure 
fields.  This  prediction  was  required  in  support  of 
a  guidance  error  analysis  that  was  being  performed, 
flic  modes  of  the  equipment  section  were  generated 
using  a  finite  element  analysis  and  the  required 
response  obtained  using  classical  linear  random 
process  theory,  .i  finite  element  skeleton  diagram 
of  Uie  equipment  section  under  consideration  is 
shown  in  Figure  28.  The  response  required  was 
that  of  the  gyro  mounting  platform  located  at  the 
inertia  sensor  node.  Figures  29  and  30  compare 
the  predictions  made  with  measurements  obtained 
during  two  subsequent  system  level  reverberant 
acoustic  tests  of  the  equipment  section.  Again  the 
predictions  are  following  general  data  trends  and 
provide  reasonable  estimates  of  the  total  energy 
level. 

Most  current  random  vibration  prediction  pro¬ 
cedures,  whether  the  procedures  have  been  developed 
empirically  or  analytically,  assume  that  the  induced 
environment  is  directly  proportional  to  the  pressure 
level  of  the  excitation.  Figures  31  and  32  are  pre¬ 
sented  in  support  of  this  assumption.  Figure  31 
presents  mone-unru  octave  frequency  oanus  uie 
function  10  log  <G2>/<P2>for  two  levels  of  acous¬ 
tic  excitation,  one  at  1 12.  5  dB  and  the  other  at 
150.  5dB.  <G2>is  the  mean  square  spatial-temporal 
average  of  approximately  45  vibration  measurements 
obtained  within  a  typical  spacecraft  equipment  sec¬ 
tion,  and<PSis  the  mean  square  spatial-temporal 
average  of  4  acoustic  measurements  made  of  the 
reverberant  excitation  field.  Figure  32  is  a  simi¬ 
lar  presentation,  for  the  same  equipment  section, 
of  the  function  10  log<Pe2>/<Pi2>  where<Pe2> 
and<Pi2>are  the  mean  square  spatial-temporal 
averages  of  the  external  and  internal  acoustic  fields 
respectively.  The  fact  that  these  curves  collapse 
reasonably  well  upon  each  other  Indicates  that  for 
this  equipment  section  at  least,  the  assumption  of  a 
linear  relationship  seems  to  be  reasonable. 

CONCLUSIONS 

Tl.tf  paper  has  presented  an  ai  pruach  ond 
recent  results  related  to  the  analysis  and  testing  of 
spacecraft  and  spacecraft  equipment. 

Kxact  simulation  of  the  service  environment  is 
iiin  » iQlui  ibi.  stale— of—  Che— an.  This  piipci  has  uis— 
cussed  the  tests  that  are  believed  to  best  simulate 
the  service  environment. 
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The  rather  reeent  availability  of  large  acoustic 
chambers  makes  it  possible  to  expose  large  space¬ 
craft  systems  to  sound  pressure  levels  similar  to 
those  generated  by  the  inflight  pressure  fluctuations. 
However,  criteria  for  establishing  the  appropriate 
test  spectrum  level,  spatial  distribution  and  direc¬ 
tivity  of  the  sound  is  still  in  early  stages  of  develop¬ 
ment.  Also,  requirements  for  the  spacecraft  test 
specimen  itself  and  its  precise  manner  of  installa¬ 
tion  in  the  chamber  requires  further  work. 


Acoustic  lest  criteria,  general  I  \  acceptable  to 
all  of  the  Aerospace  indusln,  will  graduallv  evolve 
as  this  induslrv  becomes  more  familiar  with  the 
fluctuating  pressure  environment  that  the  testing  is 
to  simulate.  This  fainiliariu  will  be  obtained  from 
a  carefully  planned  integration  of  flight  and  ground 
measurements. 

UK  1T.KKNCKS 
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DISCUSSION 


Voice:  How  did  you  determine  sweep  rate? 

Dr.  Wrenn:  We  partially  used  the  peak  count 
technique.  We  know  the  total  time  that  the  back¬ 
ground  has  to  be  on  which  is  roughly  the  time  that 
the  environment  is  on  and  we  usually  set  the  sweep 
to  cover  that  same  amount  of  time.  It  is  not  all  that 
precise.  We  are  starting  to  use  this  peak  count 
technique  now  to  give  us  a  little  better  guide  in  that 
area. 

Mr.  Galef  (TKW  Systems):  You  seem  to  be 
saying  that  the  swept  random  was  better  than  broad 
band  random  because  it  did  not  create  as  many  fail- 
ures  and,  of  course,  you  have  still  fewer  failures  if 
they  were  not  tested  at  all. 

Dr.  Wrenn:  That  is  right.  I  wish  we  could  do 
that  and  still  fly  it  and  have  it  work. 

Mr.  Galef;  I  have  to  admit  that  the  only  reason 
tmtP.o  • 

sentation  of  the  flight  environment  is  because  the 
initial  levels  were  simply  too  high.  The  swept  r;m- 
dom  is  certainly  not  a  better  simulation.  It  takes 
uWay  Seme  of  the  conservatism  by  ptuviilii.g  a  dif¬ 
ferent  type  of,  I  would  say,  unrealistic  test. 

Mr.  Wrenn:  That  is  true.  There  are  lots  of 
MgCtttetita  H  tbit  ewspt  rwxtvrn  m  co’tfMtod 
the  broadband  and  there  are  a  number  of  camps  that 
talk  about  this  thing.  We  were  forced  to  go  that  way 
because  we  were  f .idling  too  many  boxes  and  we  could 
not  afford  to  do  that.  It  was  too  expensive.  So  we 
had  to  go  through  a  different  type  of  testing  technique. 
Now  that  may  have  well  been  a  lower  broadband  level. 
Perhaps  that  would  have  done  the  trick,  but  we  found 
that  the  swept  random  was  a  useful  tool.  That  is 
what  we  used  and  it  works  for  us. 

Mr,  Smith  (Bell  Aerospace):  Does  not  the  need 
to  change  your  test  specification  to  reduce  the  num¬ 
ber  of  failures  really  suggest  that  your  simulation 
for  the  noise  sources  itself  is  wrong?  You  spoke  of 
experiments  in  which  you  had  more  than  100  pressure 
transducers  on  a  reasonably  sizeable  specimen.  I 
suggest  that  the  means  that  are  used  to  produce  the 
correct  overall  noise  levels  and  spatial  distribution 
do  not  reproduce  more  detailed  characteristics  of  the 
aerodynamic  sources.  Those  aerodynamic  sources 
are  probably  less  efficient  in  exciting  structural 
response  than  your  test  sources. 


I)r.  Wrenn:  IVrfcelly  true.  All  that  I  am  trying 
to  go  over  today  is  what  we  feel  is  tile  best  i  llgillcer- 
ing  .simulation  today  for  these  environments.  Per¬ 
haps  in  the  future  other  teehniqi  mil  evolve,  and 
we  grant  that  it  is  not  the  actual  service  environment. 
You  just  cannot  simulate  that  now  within  the  state  of 
the  art.  We  try  to  come  tip  with  the  best  test  that 
gives  u»  some  engineering  information  so  that  we  can 
fly  these  systems  with  high  confidence  that  they  are 
going  to  work. 

Mia  Smith:  I  think  I  missed  one  point  when  you 
talked  :ibout  your  peak  accumulation  test  approach. 
You  had  on  a  slide  a  narrow  band  filter  which  ob¬ 
viously  gave  a  single  degrcc-of-frccilom  type  re¬ 
sponse,  :uid  then  you  went  through  the  usual  Hay- 
Irig.h  busl'esv  Wh.it  <U  termite*  Un?  U'*,qm,«u.'y  of 
that  filter  or  are  vou  somehow  using  a  number  of 
these ? 

Dr.  Wrenn:  We  do  it  for  the  entire  frequency 
****■#,•  Mwi  thv  **■  £« 
over  the  entire  spectrum.  We  treat  on  a  narrow  band 
basis  but  we  look  at  every  narrow  band. 

Mi  .  Swtth.  So  y.At  ate  doing  a  number  of  sum¬ 
mations  both  across  distribution  in  some  narrow 
band  and  then  across  narrow  bands  as  well. 

t If,  O’yqn.  •  f)V‘  ir>' 'biUUjt  ti  ttat'llVc  rllUlv 
spectrum,  that  is  correct.  The  proven  capability 
of  a  piece  of  equipment  or  its  positive  margin  is  not 
positive  or  negative  overall  but  it  is  positive  or 
negative  in  a  given  frequency  hand.  Then,  if  it  is 
positive  in  all  frequency  bands,  it  gives  you  the  nice 
warm  feeling  that  it  is  going  to  work. 

Mr.  Smith:  Does  not  this  mean  again  that  you 
may  be  in  effect  counting  a  lot  of  that  energy  twice? 
You  are  putting  a  number  of  filters  into  the  system 
and  coming  up  with  a  whole  number  of  peak  dis¬ 
tributions  which  you  are  then  summing.  If  I  had  a 
broadband  system  ami  I  put  this  through  a  number 
of  narrow  band  filters  into  a  whole  stream  of  peak 
distributions  and  then  add  all  of  these  up  and  say  that 
this  characterizes  that  broadband  source.  I  would 
think  I  was  overdoing  things.  This  might  be  .mother 
reason  whv  your  test  turned  out  rather  worse  than 
you  had  hoped. 

Dr.  Wrenn:  The  flight  data  corroborates  it  if 
you  rec  all  that  one  figure.  We  have  measurements 
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tllr  i ii|nit  -  I"  thr  —  1  •  \  1  ■  i'  il  unit.-.. 

Ill'  Wrriin:  III. lli-.  t  ‘.i"i  n  I  mill  inr  lit .  r-ir.  Ili.it 
-"llletllillg  I  hill  llili  111!  Illi'illl'il  llcl'.lll.-"!'  I  111 '  IV  l.n  11 

I  it  "I  u  1 1  rl.  I"  In'  1!  iin  in  llii-  ov.i  "I  I'.iri'i  l.ilinii  mill 
mms  I'lii'i'i'l.it inn.  I  lure  vmi  pick  .1  I  irililv.  :i  I'rViT- 
I n  i- nit  cell  ni  iilii'irt  ■'  nli.iti'iii  ivurbi'runt  tvpc 
I  .it*  M  if  v .  vmi  pivttv  in  II  .  It  I  it  nn  ni-  thr  i'"rivlutinn. 

I  i  iiinh  t.-i/i-  th.’t  thr.nr  :nv  m.-t  engini-iiiug  trst.n  t hut 
Hr  Iniilt  ii| •  t"  m  l  iililitintl.il  I'lillliili'llrr  111  tllr  system. 
We  ll.lVr  t"  ll.ivr  lllL'.ll  Irli.lllilitV  ill  till  .nr  systems, 
rhr  ti'ntn  .  I  ft  ■  expensive  lull  tllr!  p.iv  oil'. 

Ilf.  Ilt'rlli  |'^  VIJIJIj  I  A  '  HI  ll  I  I  il.1  t"  »•'  1  II1|  1 1  i  nil  lit 
V"ll  "II  I  Vrl'V  t  ll>  1  l‘l  IlliH  ll  study.  I  H  In  "lllv  I  "lire  I'llri  I 
tll.lt  V"tl  tint'll  tllr  "Ik  -tllif'l  "I't.lVe  III  llVnin  t  ■  pit  - 
-*  Ul  ll  I  U*  ll'.-  U I  ll  rift  'lt'"''Vl  'l^.f 

tween  1  mi •  -t hi f.  1  "I'tiivr  analysis  mill  narrow  limiil 
■  III  ih'njn  Ills!  I'rrrlltlv.  Wr  pl'ltlril  psil'.n  "11  I  "lit  — 
thi  fil  "I't.lVr  I'. Inin  .  IIV 1  .  ll  Si  i  <1  it  I  it  Using  11  111  11/  band¬ 
width  liltri'.  lip.  that  Imsis  Ht'  Immd  that  ni  thr 
,i\ r p  u;r  prrrrtit  nl  thr  actual  viliralinn  is  larger 
til  111  V'  III  Hinilil  get  IIS  inn  "Ilr -thi  I'i  I  nrtavr.  Ill 
Iililitinll  t"  that  we  found  that  tilt  pi  iks  liasrtl  mi  thr 
narrow  limiil  analysis  ranged  an  nun'll  as  1  I  /2  in  tt 
.lli  higher.  Ilnu  niil  vmi  appmarh  that  particular 
pi'nlilr  111*’ 

Dr  Wi'riin:  first  *  if  .ill .  I  h.iiiIiI  likr  t"  thank 
i  ni  Inr  v"iir  tir-t  r"iiiinriit.  As  far  as  thr  other 
i"  in  in.  ait  -  irr  rnirrmril .  yntl  arr  prrfrctlv  rorrrrt. 
It  lll.ikrn  .ptitr  .1  liilTrrrllrr  as  t"  whether  you  tl'rat 
it  an  \  "iir  filtrr  bandwidth  a-  your  analysis  liantl- 
Hi'lth.  Wr  pirkrtl  . nit'— t hi  1*1 1  "rtavr  i in i tt •  frankly 
lirrnin.  af'iintir  data  usual  I  v  imiiirs  in  oik— third 
nrt  iv rs  It  il'irs  tint  rninr  iii  narrow  hands.  \W  arc 
ii.  it  ii-tii'illy  nt.iMim  a  hard  and  fast  i’nni|>iitation  on 
•  inr  -  i.  It  ■  I  nit  ivllat  ur  arr  really  doing  is  Piking  'he 
rimnil  itivr  rmdoni  viliralinn  capability .  if  vim  will, 
d  ipi  tltlt.  ilt'  «  imits.  VVi  arr  sitlrtr.n ttr.r  that  from 
tlv  I'liiiml  itivi  ram  loin  vihration  rapaliility  or  ex- 
postiiv  "I  flight  units:  wr  arr  actually  taking  thr 

II,  "'I  |  '"(I.  'I  ivi  1''  t 

III.  w  ish.  It  is  pint  niir  first  attempt.  Wr  m  u  g"  to 
n  ii'i'  i'.v  Ii  i nd -.  I  it r r  "ii  as  hi  gi  l  "iir  Holistic  data 

n  nr'  ri  lin'  d. 


Dr.  lion,  ltrllrtinuu:  According  l"  tllr  slidrs, 
tllr  peak  distriliilti'in  of  ill"  liftoff  dors  not  fit  well 
!"  tllr  Itayli'ioli  distribution.  Inti  for  tllr  transonic 
Irst  ii  fits  wrll.  Dors  tllr  author  have  any  e.xplmia- 

tion  ali. mt  this'.’ 

Dr.  Wrrini:  I  think  thr  liasir  assumptions  are 
pcrlectly  valid,  ll  is  indeed  thr  g  mis  value  of  K  at 
any  partirular  mr.isurriiii'iit  that  is  a  funetioii  of 
tinir.  During  liftoff  it  goes  up ,  then  it  decays  and 
a-  Hr  I  hi  i  Id  up  into  thr  transonic  flight  region  it 
builds  up  main.  Wr  ro  through  max  alpha  i|  and  it 
•  Irravs  again.  The  g  rnis  value  is  changing  as  a 
tiiin  lion  ol  tinir.  As  a  consr(|ueiiee  wr  have  a  non— 
st. it  ionary  process  with  which  wr  could  not  operate. 
Wr  broke  tlir  process  up  into  small  number  of  delta 
I's  and  each  of  these  wr  treated  as  a  stationary  pro¬ 
fess.  Wr  feel  that  it  is  (food  enough  to  lie  used  as  a 
tool  mnl  it  ran  help  us  in  comparing  distributions  that 
have  a  wide  differences  in  their  spectral  shapes  tint! 
levels.  In  the  past  we  did  not  have  that  capability. 

All  wr  could  do  was  to  look  at  thr  levels  and  not  the 
tinir.  This  is  ail  effort  to  try  to  use  this  peak  count¬ 
ing  technique  to  help  us  in  the  selection  of  the  system 
specifications  for  all  (he  components,  not  just  one 
box. 


Mr.  '/.ell  (Pieatinny  Arsenal}:  Is  it  tme  that 
actually  in  tile  bandwidth  that  you  chose  to  analyze 
the  data,  you  were  effectively  determining  the  effect 
of  t|  or  tile  assumed  q  of  the  resonators  of  the  struc¬ 
ture’.’  A  liiunlpass  filter  effectively  says  that  it 
ignores  tile  contributions  of  the  low  frequencies  to 
the  peaks  because  it  assumes  that  the  till  of  the  q  is 
so  high  that  all  of  the  peaks  are  essentially  due  to  the 
fo»t'u  m  (i  »•  within  a  defined  bandwidth.  W flaps  the 
analog  type  of  single  degree  of  freedom  analyzers 
used  for  shock  analysis  might  be  useful  for  this. 

Dr,  Wnm*  Vi*  Uul  it  4  food  ti  Wflnrt&l 
have  treated  it  in  one-third  octave  bands  just  for 
convenience.  We  have  t alien  a  look  at  some  limited 
results  with  the  narrow  bands  but  it  is  premature  to 
report  on  them.  There  are  lots  of  other  problems. 

We  will  save  that  for  future  discussion. 

Mr.  Van  Krt  (Aerospace  Corporation):  It  seems 
that  some  of  the  discussion  regarding  one-third  oc¬ 
tave  band  analysis  might  be  a  little  bit  misleading. 

It  is  my  understanding  that  much  of  this  data  was 
analyzed  in  narrow  band  analysis,  10  or  20  Hz 
mialysis  bandwidth,  and  then  just  looked  at  in  the 
one-third  octave  band. 

Dr.  Wrcnn:  That  is  true. 

Mr.  Vim  Krt:  So  some  of  these  problems  that 
are  associated  with  clipping  of  peaks  due  to  one- 
third  octave  band  mialysis  would  not  be  a  problem  in 
this  case. 

Dr.  Wrcnn:  That  is  a  good  point. 

Mr  y.ui  Krt:  The  second  thing  I  would  mention 
is  that  the  peak  count  analysis  would  permit  compari- 
st*  4  aU'AUTM  fta'yt  riD^ntt  tilt)  10  ijfl  random, 

In  other  words,  if  I  chose  to  run  a  test  which  was  a 
Hi  Hz  random  sweep,  to  simulate  a  broadband  ran¬ 
dom  environment,  I  could  do  so  with  a  peak  count 
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analysis.  The  one  thing  that  I  guess  we  would  tend 
to  overlook  is  the  simultaneity  of  the  two  environ¬ 
ments. 


Dr.  Wrenn:  Might.  Multiple  random  peaks  that 
go  ainive  the  background  for  example.  There  is  a 
little  gray  area  there  now  with  regard  to  the  mul¬ 
tiple  pc;iks.  Might  now  we  are  closing  our  eyes  and 
doing  it  hopefully  as  a  tool  to  help  us. 
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Fig.  Ill  Verification  of  Equipment  Response  Scaling 


Fig.  32  Verification  of  Acoustic  Field  Scaling 
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SI  Mil. AIK  VIBRATION  I I N  VI  RON  M  TINTS 


V.  ()•'.- 

Centrifuge,  Vihrat  uni,  and  A.  o  iMir.-  Division, 
Sandia  I  .nhoratorif ,  Albuquerque,  New  M'-xieo 


Realistic  laboratory  simulation  of  a  system's  field  vibration 
environment  has  been  of  major  eoneern  to  the  test  engineers  at  Snndiu 
I .abortitories  for  the  past  5  years.  As  a  result,  new  test  eapabiilties 
and  test  techniques,  :is  well  as  procedures  for  deriving  input  test 
levels,  have  been  developed  and  applied.  This  paper  discusses  the 
progress  at  Sandia  by  (1)  summarizing  and  referencing  past  work 
which  has  been  reported,  and  (2)  detailing  the  more  recent  develop 
ments. 

More  specifically,  several  techniques  used  to  derive  force  and/ 
or  acceleration  input  and  limit  levels  are  considered.  These  proce¬ 
dures  are  based  upon  field  vibration  data  and  the  apparent  weightt 
characteristics  of  the  test  unit.  Both  sinusoidal  and  random  lest 
specifications  will  he  considered. 

A  large  number  of  test  techniques  and  capabilities  are  present'  d. 
These  are  outlined  below. 

(1)  Force  and/or  acceleration  limiting 

(2)  Force  input  control 

(3)  Electronic  simulation  oi'  the  test  item's  field  foundation 
during  force  testing 

(A)  Reproduction  of  field  response  using  field  recordings 

(5)  Repetitive  and  single- shock  pulse  reproduction  on  shakers 

(C)  Input  control  of  the  product  of  force- acceleration 

(7)  Multipoint  ami  multishnkcr  input  control 

(8)  Multiaxes  (simultaneously)  testing 


INTRODUCTION 

One  phase  of  vibration  testing  is  con¬ 
cerned  with  evaluating  the  structural  and/or 
functional  integrity  of  a  system.  The  success 


of  this  type  test  is  a  function  of  realistic  and 
accurate  simulation  of  the  field  environment 
the  system  will  experience  during  its  service 
life.  In  addition,  the  test  should  he  conserva¬ 
tive,  but  not  to  the  extent  that  unrealistic  proh 
iems  are  encountered. 


This  work  was  supported  by  the  United  States  Atomic  Energy  C  ommission. 

^Apparent  Weight,  W  ^ ,  is  the  complex  ratio  of  force  and  acceleration  and  is  related  to  mechanical 
impedance,  Z,  by  \\ ^  -  Z/ju. 
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Musi  -t. 111(1. Il'il  -pe.'lflcul  inns,  .-tli'il  .IS 
Mil  •>  l'l>  fill'.  ,'.tl!(m!  mol nm  control  of  the 
: ill i- ; • .  Tin  input  amplitude-  i ft  -essentially 
mi-'. mi  .i.  i'ii.-i-  tin-  t'f > ••  j u»- ni -y  test  range.  with 
•hi-  amplitude  ln'iiit;  derived  from  inivt'lopi'i! 
field  measurements,  Tin'  ii'.-t  levels  described 
in  'lii-  standards  are  not  to  hr  interpreted  as 
.in  i-v.ii't  or  -oiii  iu.-tvr  rt'prt>st>ntalion  of  actual 
1 •  f v i . ■  i ■  opi'ralion.  As  stated  in  Mil.  STD- 
lilt'li,  ’In'  environmental  irvrls  specified 
-hoiiul  ho  modified  wlivit  it  is  known  that  the 
tr.-t  iti'in  will  encounter  i-ontiitions  morr  sr- 
vi'i'i'  or  h'-s  m'Vi'I'i',  '  In  other  words,  the 
standard  specification  ts  tlo  realistie  in  most 
•  a.-es,  lint  is  designed  to  provide  ussuraner 
that  the  test  item  eoiild  survive  its  serviee 
life. 

It  is  indeed  unfortunate  that  many  test 
laboratories  are  restrieted  to  following  the 
standard  speeifii-atioli  even  when  aeettrate  data 
sourees,  directly  applicable  to  the  system, 
are  av  ai  l.ilili  , 

s.indt.i  l.ahor.i'ories  Knvironmental  Data  Hank 

I'lie  primary  souree  of  vibration  data  for 
di  sandi.i  test  programs  is  tile  '  Knvironmental 
D.i'alimk'  U'DB).  Foley  (1 , 2]  and  Cells  (,i] 

U.l'.'e  previously  lies.  rilled  tile  KDH  wilil'll  is 
•lie  i-eslll'  of  lo  Veal's  of  data  e ()1  ll '.' t loll ,  data 
analysis,  and  data  storage. 

I'lie  I'i )ii  •  ontains  .  omputeri/e  I  records 
if  pu.ises  oi  vibration  environments  .■  uelt  as 
-•or. me.  'r.insp'ii'1.  utilization,  ete.  Kaeh 
phase  is  f':r':u  r  divid'  d  into  input  and  re 
spoil-'  informa' ion.  Da'a  from  the  KDH  is 
.r.  ai. able  :n  'wo  forms.  Prior  to  lrfU  tlie  data 


was  presented  as  plots  of  peak  and  mis  ae - 
eeleration  vs.  f  requeues.  'I'll i s  data  resulted 
from  a  statistical  enveloping  technique.  More 
reei'iitly,  the  VIHHAN  system  has  been  used. 
Foley  [j|  describes  this  system  which  presents 
tile  data  in  tile  form  of  aeee leration  level  vs. 

1/i  octave  bands.  In  addition,  the  VIHHAN  (1) 
displays  tile  percentage  of  sample  peaks  which 
exceed  various  acceleration  levels  within  each 
band.  (2)  gives  tile  rms  level  within  each  band, 
and  (.1)  gives  1  lie  overall  rms  level  between  tl 
and  l mu i  lb. 

I'tili/.ation  of  VIHHAN  is  demonstrated 
in  reports  by  Murfin  (-1)  and  Otis,  [ii) 

VIHHAN  data  is  available  for  either  an 
accumulation  of  similar  systems  or  for  spe¬ 
cific  systems.  When  data  for  a  specific  sys¬ 
tem  is  not  available,  the  standard  procedure 
is  to  pull  data  accumulated  for  systems  similar 
in  design  and  which  have  experienced  similar 
environments.  In  this  situation,  the  data  pro¬ 
vides  a  fairly  conservative  estimate  of  prob¬ 
able  field  responses. 

Hcrordcd  Field  Data 

In  addition  to  using  recorded  field  data 
for  the  analyses  deset  ibed  in  B  above,  these 
recordings  are  also  used  to  provide  a  direct 
input  source  for  the  shaker.  This  technique 
will  be  described  in  Section  11  below. 

I’llless  otherwise  specified,  the  EDB 
stores  all  field  recordings  for  a  period  of  5 
years. 

Apparent  Weight  (Wa) 

Apparent  weight  (Wa)  is  the  ratio  of 
vibratory  input  force  to  vibratory  input  ac¬ 
celeration  as  a  function  of  frequency;  i.e. 

Wa(u')  -  [F(w)]/[xl(u)l,  where  F  is  the  force  in 
pounds,  x'  is  the  acceleration  in  g  units,  and  u 
is  the  circular  frequency.  Apparent  weight, 
which  has  dimensions  of  pounds,  is  related  to 
mechanical  impedance  by  a  factor  of  ju,  where 
,1  -  </^T.  Measurement  of  apparent  weight  for 
sinusoidal  and  random  inputs  is  considered  by 
Otts  (it)  and  Otts  and  Hunter  [fij  respectively. 

The  use  of  apparent  weight  in  calculating 
vibration  input  specifications  for  the  various 
test  techniques  will  be  considered  in  Section  II. 
This  system  characteristic  is  measured  on 
nearly  all  test  items  at  Sandia.  In  fact,  this 
data  is  being  added  to  the  Knvironmental  Data 
Bank  to  be  used  in  conjunction  with  field  data 
as  discussed  by  Murfin.  [4 ) 
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TKST  TKCIIMQI'KS 
Motion  ( 'ontrol 

Million  i  onti  olli  il  vibrat  ion  ti-M-  w i t* • 
llio  input  I.-,  maintained  i  oii.s'ant.  .  an  In  .  ia.-st 
fifd  a  a  infillin'  apparent  w  •  ■  i  u  1 1 1  te.-ting  >in.  • 
ihi-  lost  item  is  not  allowed  lo  a f f < • .  t  its  i-ii 
yironmenl  as  it  dot-.-  in  tin-  fn  Id.  Tin-  disad 
vantages  of  this  lype  n  M  .  a-  outlin'  d  by 
Otts,  | a |  include  lioth  ovi'fli  "-I  my  and  indi'f 
testing  of  lln-  tost  iti'in. 

’I'lti ■  problem  of  ovi  rte.-ding  i.-  f ■  1 1 1 1 1  n •  t • 
exaggerated  I iv  tho  spi'oifii'.'Uion  of  flat  inpn' 
li'Vids  derived  ft'otn  enveloped  field  re.-puiise 
data  sindi  as  dosi'i  lied  in  1.  A.  and  1,  li  above. 
Tim  specification  problem  is  ■  onsidi  ii  d  by 
Vigne.-s.  (7 1 

Fnfortunately,  most  vibration  iabora- 
torii's  am  romprllrtl  to  run  motion  -  controlled 
tests.  This  situation  shuns  from  (1)  lark  of 
more  malistir  souivrs  of  data,  (2)  reluctance 
to  change  test  procedures,  and  (.1)  compulsory 
test  specifications  imposed  In  tin-  contractor. 
Sandia  Laboratories  is  mini  mi /inn  use  of  this 
test  technique  and  substituting  more  realistic 
techniques  as  described  herein. 

Motion  Limiting  the  Response 

Motion  limiting  is  a  technique  which 
prevents  the  vibratory  response  at  various 
points  on  the  test  item  from  exceeding  speci¬ 
fied  levels.  Basically,  the  input  is  reduced 
by  switching  the  control  to  the  response  trans¬ 
ducer  whenever  the  motion  exceeds  the  speci¬ 
fied  limit. 

Motion  limiting,  applied  to  motion  input 
control  tests,  causes  the  input  motion  to  dip. 
This  reduces  the  chances  of  overtest  since  the 
technique  allows  the  test  item  to  affect  its  own 
environment.  This  is  further  considered  by 
Otts.  [5) 

Murfin  Ml  derives  motion  limits  for  si¬ 
nusoidal  tests.  These  limiting  values  are  a 
function  of  field  data.  Witte  and  Kodcman  (8) 
derive  limits  for  random  tests,  which  arc 
again  a  function  of  field  response  data.  For 
eases  where  there  is  no  applicable  field  data, 
it  has  been  a  Sandia  practice  lo  limit  the  re¬ 
sponse  at  critical  points  to  20.  0  g.  This  con¬ 
servative  level  was  derived  from  the  fact  that 
field  data  seldom  reflects  responses  any 
higher  than  1-1.0  g. 

Sinusoidal  tests  can  be  limited  using 
commercially  available  electronics.  On  the 


other  hand,  there  is  no  established  tei  hnique 
for  automatic  limiting  during  random  testing. 
Manual  adjustment  of  tin-  random  input  spec¬ 
trum,  to  prevent  the  rms  level  in  each  hand 
from  exceeding  a  specified  level,  is  consid¬ 
ered  by  W  itte  and  Rodern.ui.  |(l)  The  amount 
of  adju  trietit  is  derived  from  the  transfer 
function  between  the  input  and  response  points 
<>n  tin-  test  item. 

For.  e  Limiting  tin-  Input  lo  the  Test  Item 

For.  e  limiting  prevents  the  input  force 
to  tile  test  Item  from  exceeding  specified 
!  i  e  1  s  ,  Should  the  speejfii'd  force  level  lie 
rea. 'bed  during  motion- controlled  testing,  the 
input  control  sv.  it>  lies  to  the  force  input. 

Motion  limiting  is  normally  used  in  pref- 
i' i*i 'it. to  force  limiting  due  to  the  relative 
simplicity  of  mounting  accelerometers.  How 
ever,  both  techniques  accomplish  the  same 
effect,  that  being  to  cause  a  dip  in  the  founda¬ 
tion  motion  as  described  above. 

Since  the  derivation  of  force  limit  values 
lias  not  been  considered  previously,  the  neces¬ 
sary  calculations  are  included  below.  Force 
limits  can  be  derived  as  a  function  of  field  ac¬ 
celeration  data  and  test  item  apparent  weight 
data.  For  sinusoidal  testing, 

F(u)  =  W  (u)  G(w) 

Where  F(ie)  *  force  limit  amplitude  at  each 
frequency  (lbs) 

W  (u)  =  apparent  weight 
n 

(Kie)  -  field  acceleration  (g) 

It  is  customary  to  smooth  the  curves  by  taking 
an  average  apparent  weight  over  as  wide  a 
frequency  band  as  possible,  and  encompassing 
acceleration  data  over  the  same  range. 

F'or  random  testing, 

I  2 

F(c)  =  (WMig)  "  (1(c) 

Where  F(te)  =  force  spectral  density  within  a 
frequency  band  (lhs“/Hz) 

W  (w)  -  band  averaged  apparent  weight 

(’i(l')  =  field  acceleration  spectral  den¬ 
sity  within  a  frequency  band 
(KL/Hz) 


31 


\ I :•  t > •  nil!  |i.f  fiir  ■  !•  I' iv inn,  r. axiom 

r  •  a. mb!  'n  .  . . 1 1  . i . •  i •  ( l.< ■  i  in>  force 

a,  !  :  n,  i  •  h  iMlinn  .'.iliiin  •  Ii  li.nnl,  .alii  iim- 
| ‘ :  1 1 1 •  >i i  for  1 1 u .  onl.u  for.  lunging  given 

(•'or  ■  i  ' .  ait  r •  ■ .  of  I  lx  li i ; •> 1 1 

I  II.-  u  giiniciil  -  for  for  .  ontra.  var.-us 
Ml. Cl. 'll  oil!  r  o .  il  l.  O  1m-.ii  |  >f. -II* . i  l.\  OM>,|f>i 

in.!  •iii  r.  foi-o  Ail!  a..'  . . nipiiusirc.l  .r  tl.t~ 

!  inn- . 

l-'or.  ooirroiU-.l  vibratimi  t . • . i 1 1 o  foils 
mio  '-Ao  host,  .-o' .  ■  Mor  a-s :  (l)  .-util  nil  of  form 

iiijiul  Im-Io-a  ilx-  ii-si  iii-m,  anti  111)  control  of 
for.  .-  input  l.i-ii.A  (li.-  li  st  system,  where  tin- 
system  in.  hides  tile  tost  itotn  .uni  its  founila 
lion,  Hotli  techniques  arc  cimstdercd  below. 

1.  Force  Input  Hi  - low  l  ost  ham 

Constant  Form  Input  \\  Hon  tin-  form 
input  below  tin-  i.-st  itoin  is  ni.uiilaiiloil  at  a 
constant  lovol.  tin-  oppnront  weight  character  - 
tsti.-s  of  tit.  foiindaiion  liavo  no  inflnon.-o  on 
ill.-  for.-o  input  or  motion  rosponso  of  tin-  tost 
Horn.  Therefore,  this  is  referred  to  as  a 
.-i-ro  apparoiit  weight  tost. 

Although  for.-o  control  testing  of  this 
type  is  not  roalistio,  it  is  preferred  to  motion 
oontrol  sinoo  tin-  dynamic  characteristics  of 
tin-  tost  itoin  an-  allowed  to  affool  its  own 
motion  rosponso. 

Derived  Form  Input  (Sinusoidal)  -  -  A 
ronlisfii-  approaoli  to  sinusoidal  for.  o  oontrol 
is  dos? riliod  by  Murfin.  |-t|  Basically,  Mttrfin 
dorivos  tlio  input  form  spectrum  as  a  function 
of  field  umuloration  data  and  tin-  apparent 
weight  obara.-toristios  of  tin-  test  item. 

F(u')  =  W  (w)  (Rib) 
a 

Where  the  apparent  weight,  W  a(u.),  is  meas¬ 
ured  in  the  laboratory  and  the  field  accelera¬ 
tion  for  the  specific  system,  li(w.),  is  taken 
from  VIBKAN,  The  apparent  weight  used  for 
each  data  frequency  band  of  V1BRAN  is  biased, 
towards  the  minimum  value,  thus  providing  a 
conservative  estimate  within  each  band. 

Murfin  also  considers  the  derivation  of  ac¬ 
celeration  response  limits  to  be  imposed  dur¬ 
ing  this  type  test . 

Derived  Force  Input  (Random)  -  Unh¬ 
and  Rodeman  [li]  des.-ribe  the  procedure  used 
in  deriving  random  form  specifications.  The 
technique  utilizes  enveloped  field  data  from 
tin-  Environmental  Data  Bank  and  the  driving 


pn ml  apparent  weight  of  the  tost  specimen  as 
shown  below, 

I  I  '} 

F(u)  •  U  (tv)  C(u') 


win-re  F(w)  and  Cl(u-)  are  tin-  input  force  spec¬ 
tral  density  and  field  enveloped  acceleration 
spectral  density,  respectively.  The  magnitude 
of  \\ .,  is  again  biased  towards  the  minimum  in 
each  test  band. 

Random  acceleration  response  limiting, 
with,  the  present  equipment,  requires  that  the 
input  spectrum  lie  modified  by  calculated 
amounts.  The  use  of  transfer  functions  be¬ 
tween  the  input  mill  response  points,  as  de¬ 
scribed  by  Witte  and  Rodeman,  [H]  was  discus¬ 
sed  previously. 

In  summary,  the  control  of  a  constant 
force  input  is  classified  as  zero  apparent 
weight  testing.  Although  it  is  unrealistic,  it 
has  the  advantage  over  motion  control  in  that 
the  dynamic  characteristics  of  the  test  item 
are  allowed  to  affect  its  motion  response. 

Calculation  of  a  force  input  spectrum, 
where  the  amplitude  is  a  function  of  field  data 
and  the  apparent  weight  of  the  test  item,  can 
lie  classified  as  controlled  apparent  weight 
testing  since  the  input  force  and  motion  are  a 
function  of  field  r  tsponse,  which  in  turn  is  a 
function  of  the  dynamic  characteristics  of  the 
test  item  and  its  foundation.  Field  measure¬ 
ment  of  the  vibratory  force  would  be  desirable, 
but  this  presents  extreme  difficulty  since  force 
transducers  must  be  inserted  directly  in  the 
path  of  transmission. 

2.  Force  Input  Below  Test  System  (Foundation 
and  Test  Item) 

Force  control  of  the  input  below  both  the 
foundation  and  the  test  item  is  classified  as 
controlled  apparent  weight  testing  since  the 
dynamic  characteristics  of  the  foundation,  as 
seen  by  the  test  'tern,  are  taken  into  account. 
As  discussed  in  several  articles,  M,5,9,  10] 
the  degree  of  reality  in  this  test  technique  is 
a  function  of  one's  ability  to  both  accurately 
determine  and  simulate  the  apparent  weight  of 
tlte  foundation,  as  seen  by  the  test  item,  and 
determine  tiie  force  spectrum  to  be  applied. 
Nuckolls  |l>|  and  Otts  and  Hunter  (6,  11]  have 
developed. techniques  w hereby  the  dynamic 
characteristics  of  the  foundation  can  be  elec¬ 
tronically  simulated  Tor  both  sinusoidal  and 
random  testing.  Electronic  simulation  is  re¬ 
quired  since  it  is  not  normally  feasible  to 
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insert  the  actual  foundation  in  a  laboratory 
test. 

Application  of  this  technii|uc  is  described 
in  several  reports  (l ll,  12,  Hi]  where  blocked 
force  measurements  were  made  to  determine 
the  vibratory  force  input  from  a  rocket  motor 
to  the  payload.  The  apparent  weight  of  the 
rocket  motor  was  measured  and  electronically 
simulated  during  a  force -controlled  vibration 
test  on  the  payload. 

Unfortunately,  it  is  difficult  for  one  to 
determine  the  apparent  weight  of  most  I'ounda 
tions.  Therefore,  this  technique  is  seldom 
used  although  it  is  one  of  the  more  realistic 
approaches.  Those  force  techniques  previ¬ 
ously  described  find  more  application  in  the 
laboratory. 

Force-  Motion  Pi  -,duct  Control 

Witte  [14]  describes  a  technique  which 
utilizes  the  product  of  the  force  below  the 
system  and  the  motion  at  the  base  of  the  sys¬ 
tem  (above  the  force  input)  as  the  control  sig¬ 
nal.  The  method  is  a  compromise  between 
motion  control  and  force  control  of  the  type 
classified  as  zero  apparent  weight  testing. 

Since  the  input  motion  and  input  force 
are  both  a  function  of  the  system's  apparent 
weight,  the  test  item  is  allowed  to  affect  its 
vibration  environment.  Therefore,  this  force- 
motion  product  technique  proves  useful  when 
nothing  is  known  about  the  dynamic  character¬ 
istics  of  the  system's  field  foundation.  As 
demonstrated  by  Witte,  input  force  and  input 
motion  are  both  limited,  and  the  effective 
source  apparent  weight  is  neither  zero  nor 
infinite. 

The  input  force-motion  control  specifi¬ 
cations  are  derived  in  a  second  paper  by 
Witte.  [15]  Briefly,  the  input  level  is  derived 
as  a  function  of  field  acceleration  data  and  the 
apparent  weight  characteristics  of  the  test 
item.  Acceleration  limiting  values  are  also 
derived  in  this  paper.  Application  of  this 
technique  is  intended  only  for  sinusoidal  test¬ 
ing  since  the  control  and  derivation  of  force- 
motion  products  for  random  vibration  have  not 
been  explored  or  developed. 

Reproduction  of  Field  Response 

One  of  the  greatest  advancements  to¬ 
wards  realistic  vibration  tests  was  the  devel¬ 
opment  of  a  technique  whereby  field  vibration 
could  be  reproduced  in  the  laboratory.  Otts 
and  Hunter  [16]  describe  an  analog  technique 


while  l.eBrun  and  Favour  [l  7]  describe  a 
digital  technique  which  allows  laboratory  re¬ 
production  of  fii  Id  data.  The  computerized 
technique  is  more  accurate  and  efficient. 

Basically,  both  techniques  equalize  the 
transfei  function  between  the  signal  source 
and  the  shaker  output  (or  point  on  test  item)  to 
unity  over  tin-  frequency  test  range.  Phase 
preservation  is  also  important.  The  field  data, 
recorded  on  magnetic  tape,  is  then  used  as  the 
input  to  the  shaker  to.- 1  system. 

This  procedure  has  been  used  to  repro¬ 
duce  coiiqKitieut  and  system  field  response  to 
short  burst  vibration  such  as  that  experienced 
during  rocket  ignition,  payload  separation,  and 
payload  ejection  from  a  bomb  rack.  To  dale, 
long  duration  responses  have  not  been  repro¬ 
duced  in  the  laboratory.  However,  there  is  no 
technical  limitation  to  this  type  application. 

Reproduction  of  Synthesized  Signals 

Obviously,  the  above  reproduetion  teeli- 
nique  ean  he  used  to  produce  system  response 
in  the  form  of  short  hurst  sinusoid,  decaying 
sinusoid,  single  shock  pulse  and  repetitive 
shock  pulses,  to  name  a  few.  This  technique 
is  sometimes  used  in  an  attempt  to  simulate 
field  response  such  as  resonant  ringing.  Otts 
and  Hunter  [ill]  consider  application  of  the 
technique  as  well  as  the  limitations  imposed 
by  the  shaker  system. 

Multipoint  Input  Control 

The  multishaker  test  technique  utilizes 
two  or  more  shakers  to  supply  the  vibratory 
input  to  the  system.  Each  shaker  is  individ¬ 
ually  controlled,  usually  to  different  input 
specifications.  The  technique  is  finding  in  ¬ 
creased  usage  on  test  systems  which  utilize 
multipoint  mounts  in  the  field.  Individual  input 
specifications  for  each  point  are  derived  from 
field  data  recorded  at  the  respective  points. 
Normally,  the  VIBRAN  analysis  described  in 
Section  I.C  is  used  to  derive  the  input  levels. 

Cross-coupling  between  input  points 
presents  a  control  problem.  Hunter  and 
Ilelmuth  (lli)  consider  this  problem,  as  well  as 
propose  a  manual  adjustment  which  solves  the 
problem.  However,  there  is  not  an  automatic, 
electronic  solution  available  to  date. 

A  report  in  this  technique,  as  applied  to 
several  test  programs,  is  furthcoming. 
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DISCUSSION 


Mr,  Trubcrt  (Jet  Propulsion  Laboratory):  You 
mentioned  a  multiple  shaker  at  the  end.  Is  this 
random  excitation  that  you  are  talking  about? 

Mr,  Otts:  Is  it  random  or  sine?  In  this  par¬ 
ticular  case  we  have  done  both.  I  might  add  we  have 
run  sinusoidal  and  we  have  run  random  type  spectra. 
In  this  particular  case  on  this  test  which  was  prob¬ 
ably  run  a  month  ago  It  happened  to  be  a  random  type 
input. 

Mr.  Trubert:  You  mentioned  difficulty  in  the 
equalization  of  the  three  shakers.  We  at  the  Jet 
Propulsion  Laboratory  have  done  some  work  and  it 
Is  possible  to  make  an  equalization  using  an  analog 
computer.  Are  you  aware  of  that? 

Mr.  Otts:  Yes  I  am.  We  have  considered  this, 
however;,  unfortunately  we  do  not  for  approximately 
the  next  one  year  have  a  shaker  or  a  computer  sys¬ 
tem  available  so  we  have  to  be  old  fashioned  until 
that  time. 

Mr.  Trubert:  In  what  frequency  range  did  you 
havi:  your  excitation? 


Mr,  Otts:  Twenty  to  2000  Hz. 

Mr.  Trubert:  What  kind  of  resonances  did  you 
have  for  your  structure?  Did  you  hove  a  lot  of 
resonances  or  just  a  few? 

Mr.  Otts:  Quite  a  few.  As  a  matter  of  fact,  as 
it  turns  out,  the  first  major  resonance  was  probably 
around  100  Hz.  It  was  quite  typical  of  a  large  sys¬ 
tem.  There  were  a  good  number  of  resonances  en¬ 
countered. 

Mr,  Trubert:  That  is  a  difficulty  that  we  have 
found  for  the  low  frequencies.  It  is  possible  to 
equalize  with  another  computer,  but  for  the  high 
frequency  you  need  too  many  normal  modes  to  be 
able  to  equalize. 

Mr.  Otts:  Some  sinusoidal  surveys  were  made 
to  determine  approximately  where  the  resonances 
would  occur,  and  then  each  shaker,  one  at  a  time, 
was  equalized  and  then  turned  off.  They  were  then 
all  brought  up  together,  and  of  course  we  had  to 
tweak  the  various  bandwidths  then  to  compensate 
for  the  peaks  and  valleys  which  occurred  because  of 
cross  coupling.  This  is  a  problem.  It  is  something 
we  have  not  solved  as  yet. 
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SIMULATION  OF  COMPLEX-WAVE 
PERIODIC  VIBRATION 


A.,1.  Curtis.  II.  T.  Abstein.  Jr.  .  anti  N.  CL  Tinlinr 
Hughes  Aircralt  Company 
Culver  City,  California 


A  vibration  test  method  that  has  general  applicabil its  im 
simulation  of  complex-wave  periodic  environments  is  described.  I!:, 
method,  which  was  developed  to  simulate  the  effects  ot  aircralt  .  Im.. 
tion  induced  by  rapid  fire  (Gatling)  guns,  makes  use  of  a  repetitive 
pulse  as  an  excitation  signal  for  conventional  electro-dynamic  vibra¬ 
tion  systems.  The  method  is  a  modification  and  extension  ol  a  simii.tr 
method  described  in  a  paper  by  J.  A.  Hutchinson  and  R.  N.  Hum-',  -k  at 
the  40th  S  and  V  Symposium. 

The  paper  includes  a  description  of  the  rather  simple  ancillary 
equipment  which,  in  conjunction  with  conventional  random  vibration 
control  equipment,  is  used  to  generate  and  control  the  desired  com¬ 
plex  waveform.  The  use  of  variable  pulse  repetition  rate  and  multi¬ 
ple  accelerometer  signal  control  is  described.  In  addition,  a  method 
for  rapid  analysis  of  the  line  spectrum  of  the  resultant  vibration  using 
an  existing  comb-filter  analog/digital  vibration  analysis  system  is 
included. 

Results  of  the  use  of  this  test  method  during  testing  of  an  airborne 
weapon  control  system  are  described.  The  economy  of  test  and  supe¬ 
rior  simulation  characteristics  of  the  method,  compared  to  al'ernative 
approaches  such  as  Method  519  of  MIL-STD-810,  are  discussed. 


INTRODUCTION 

The  waveform  of  a  complex-wave  periodic 
vibration  is  a  periodic  deterministic  wave¬ 
form  which  can  be  described  mathematically 
by  a  Fourier  series.  Such  a  waveform  is 
common  to  any  periodic  vibration  except  per¬ 
haps  a  very  excellent  tuning  fork.  This  wave¬ 
form  takes  on  particular  significance  when  a 
number  of  the  Fourier  coefficients  are  of  the 
same  order  of  magnitude.  Measurements  of 
vibration  due  to  rapid  fire  cannon  have  shown 
that  many  harmonics  must  be  employed  to 
adequately  describe  the  waveform. 

At  the  40th  Shock  and  Vibration  Sympo¬ 
sium,  Hutchinson  and  Hancock  [lj  described 
a  method  of  simulating  this  type  of  vibration 
using  a  pulsed  excitation.  This  paper  de¬ 
scribes  a  modification  and  extension  of  that 


method  together  with  a  description  ol  equip¬ 
ment  for  general  lest  ,mpletm'i,!.!t ion  end  data 
analysis. 

DESCRIPTION  OF  ENVIRONMENT 

Of  all  the  sources  lor  complex-wave 
periodic  vibration,  the  om  of  nmst  interest, 
recently,  is  high  speed  "Gatling"  runs  m  air¬ 
craft.  These  guns  type  alls  !:i>  at  i.ttisol  20 
to  100  rounds  per  second  and  create  pi  rimlu 
high  blast  pressures  around  the  gun  mu/./.le  in 
addition  to  periodic  reaction  loices  at  the  gun 
mount.  The  reaction  Pni  cs  can  he  isolated 
from  the  aircraft  structun  |li  hut  no  mi  thotl 
has  been  found  to  cfleetively  ndcci  the  blai-i 
pressures  impinging  on  the  <  vi<  i  :•  •  !.isela-> 
panels.  An  idea  It /id  wavi  lui-i  tin  pres 
sure  acting  on  Hie  exit  r.or  si:  t  ■  -hewn  in 
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Fig.  1  i 2 ) .  The  pressure  pulse  lias  a  short 
duration  with  respect  to  the  period  of  the  pulse 
repelnm  frequency  (PRF).  Kxpansion  of  this 
waveform  in  a  Fourier  series  of  the  form 

F(t)  a  ■  ^  a  sm(w  t  •  <i>  ) 
o  —  ii  n  n 

results  in  the  coefficients  shown  in  Fig.  2. 


Fit;.  1  -  Idealized  pressure  waveform  of 
Gatling  gun.  time  normalized  by  firing 
freqt  'tiey  (PRF). 


Note  that  the  amplitude  of  the  coefficients 
remains  at  a  fairly  constant  value  over  a 
broad  frequency  range.  For  example,  at  a 
PRF  of  100  Hz.  the  blast  pressure  acting  on 
the  exterior  of  the  aircraft  would  have  signif¬ 
icant  levels  covering  a  frequency  range  from 
100  Hz  to  well  over  2000  Hz.  The  structural 
vibration  of  the  fuselage  resulting  from  this 
excita'  nn  will  possess  the  same  characteris¬ 
tics  as  the  excitation.  Jt  will  consist  of  line 
spectra  at  the  harmonic  frequencies  with 
amplitudes  and  phase  angles  dependent  on  the 
dynamic  transfer  characteristics  of  the 
structure. 

In  a  report  on  the  measurement  and  analy¬ 
sis  of  gunfire  vibration  on  the  F-5A  aircraft 
[3]  it  was  noted  that  the  high  frequency  portion 
of  the  structural  vibration  appeared  to  have 
random  characteristics  and  required  random 
vibration  analysis  techniques.  This  random 
characteristic  can  be  attributed  to  the  vari¬ 
ability  of  firing  rate  and  pressure  waveform. 
During  any  one  burst,  i.  e.  ,  a  series  of  rounds, 
the  pressure  and  PRF  will  vary  because  of 


COEFFICIENT  NUMBER 

rig.  2  -  Fourier  series  coefficients  of  waveform  shown  in  Fig.  1. 
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differences  in  ammunition  charge,  variations 
in  hydraulic  pressure  which  regulates  speed, 
mechanical  tolerances,  etc.  Even  though  the 
pressure  amplitude  varies  from  one  round  to 
another  its  variation  is  not  considered  signifi¬ 
cant  because  of  the  large  amount  of  variation 
required  to  produce  a  substantial  appearance 
of  randomness.  In  addition,  the  variation  in 
pressure  amplitude  would  have  the  same  effec  t 
on  all  harmonics:  an  occur  ranee  which  is  not 
observed  in  measured  data.  On  the  oilier  hand, 
variations  in  pressure  waveform,  even  if 
slight,  may  result  in  significant  variation  in  the 
amplitudes  of  the  higher  ordered  harmonics. 

Small  variations  in  the  PRF  can  also  have 
significant  effects  on  the  amplitude  of  the 
filtered  high  frequency  harmonics.  The  abso¬ 
lute  value  of  the  variation  in  frequency  of  any 
harmonic  is  proportional  to  the  harmonic 
number  and,  therefore,  will  be  greater  in  the 
higher  frequency  region.  When  the  data  is 
analyzed  with  constant  bandwidth  filters  the 
variation  in  frequency  with  respect  to  the  filter 
bandwidth  will  increase  with  frequency  and  thus 
the  amplitude  will  appear  to  become  more 
random.  If  the  data  is  analyzed  with  constant 
percentage  bandwidth  fibers,  i.  e.  ,  bandwidths 
proportional  to  center  f’  equency,  the  random¬ 
ness  in  signal  output  whl  also  increase  in  fre¬ 
quency  because  of  the  increasing  density  of  the 
harmonics  within  the  bandwidth  of  the  filter. 
The  harmonics  are  separated  by  a  constant 
value  of  frequency  equal  to  the  PRF  and, 
therefore,  have  a  density  proportional  to  the 
analysis  bandwidth. 

In  addition  to  the  variation  of  PRF  within 
a  burst  of  data,  there  is  a  greater  variation  of 
PRF  from  one  burst  to  another.  A  ±5  percent 


variation  from  the  fundamental  PRF  is  typical. 
Considering  this  variation,  the  possible  exci¬ 
tation  frequencies,  normalized  by  the  PRF, 
are  shown  in  Fig.  3.  In  the  low  frequency 
region  there  are  several  bands  of  zero  ampli¬ 
tude.  Above  the  ninth  harmonic  the  spectrum 
is  continuous  and  all  frequencies  can  occur. 

Complex  periodic  waveform  vibration  also 
exists  in  tracked  vehicles  such  as  tanks  and 
armored  personnel  carriers  or  in  equipment 
with  rotating  or  impacting  machinery.  It  is 
likely  that  the  PRF  is  also  variable  for  these 
situations  and  the  techniques  for  simulation  of 
gunfire  vibration  as  discussed  here  are  gen¬ 
erally  applicable. 


SIMULATION  GOALS 

The  goal  of  any  laboratory  simulation  of 
vibration  is  to  simulate  the  damaging  effects 
of  vibration  on  the  test  item.  To  this  end  the 
closer  the  excitation  waveform  represents  the 
actual  service  waveform,  the  better  the  chance 
for  success.  Any  method  of  simulation  gun¬ 
fire  vibration  should  attempt  to  achieve  this 
goal  and  also  be  economical  to  perform,  use 
existing  vibration  test  equipment  to  the  great¬ 
est  extent,  and  require  minimum  development 
of  unique  ancillary  equipment.  A  listing  of 
feasible  excitation  waveform  types  is  not  long:- 

1.  Sinusoidal 

2.  Broadband  Random  Noise 

3.  Narrowband  Random  Noise 

4.  Pulsed 

5.  Pulsed  and  Broadband  Random 


HAlIVtlMC  NUVM 


Fig.  3  -  Excitation  frequencies  of  complex  periodic 
,/aveform  with  ±5ar  variation  of  PRF. 
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I'  'H'  i  .it  li  l\  pc.  .i  mimlii'i'  Hi  niil inns  exist 
in  (li  t mini',  ihr  prni-nlur.il  ilct.iils.  However, 
sfh'i'l  it  hi  4  l  in  -  wave!  t  uni  van  lie  pursui-il  gen- 
i  r.ilh  i ntli -pi -in It -in  nt  i lii'. sc  ilet. ills. 

1.  I  m'  "t  smus.'id.il  excitation  has  some 
appeal  since  a  peri'iilir.  nr  al  least,  almost 
periotlic  wavet' 'ini  is  I"  lie  simulated  and  thus 
each  harmonic  .  it  the  wawlnim  can  he  simu¬ 
lated  m  turn.  The  weakness  nt  this  approach 
is  that  the  relationship  between  the  eltects  of 
applying  each  harmniuc  individually  and  all 
harmoiiics  simultaneously  is  difficult,  if  not 
impossible  to  assess,  particularly  With  respect 
t  i  lunctioii.il  perlnrm.inee  ol  the  equipment. 

The  rather  obvious  possibility  nt  using  the  sum 
n|  the  outputs  nt  a  number  of  oscillators,  one 

lot  *  m  h  li.t i  itintut  ,  i  ,ui  i ii  ipi a  i\t  \  ili.M  ,n  did 

when  the  problems  nt  amplitude  and  frequency 
ci mt  rol  a  re  considered. 

2.  1'se  of  broadband  random  excitation 
immediately  permits  simultaneous  excitation 
nt  all  harmonics  ol  the  environment.  However, 
it  is  clear,  as  discussed  later,  that  a  broad¬ 
band  level  which,  in  some  undefined  way .  is 
equivalent  to  the  level  of  the  harmonics,  must 
i>o  iiu-v  C'*tseri-4,Uvv  iu  ii'-"  I  'ei  pi  nicy  I  rand* 
between  the  harmonics,  further,  having  for 
some  time  resisted  opportunities  to  simulate 
random  vibration  environments  by  sinusoids, 

it  seemed  a  little  inconsistent  for  the  authors 
to  argue  strongly  for  the  simulation  of  a  peri¬ 
odic  environment  by  i  random  excitation. 

3.  Narrowband  random  excitation  is,  of 
course,  no  more  deterministic  than  broadband 
random  excitation.  Compared  to  broadband 
random  excitation,  narrowband  excitation  does 
oiler  the  advantage  of  avoiding  the  previously 
Kt»«ita.-<t*'rJ  e'ms»>,rvtiii*R  >nd  with 
selection  ot  bandwidth  and  center  frequency, 
providing  excitation  which  covers  the  known 
variation  in  repetition  rates.  Reference  [4| 
describes  an  existing.  programmable  narrow- 
band  random  vibration  excitation  system  which 
can  generate  and  control  three  simultaneous, 
tuneable  narrowband  excitations.  Use  of  this 
system  would  permit  the  simultaneous  simula¬ 
tion  ol  up  to  three  harmonics.  With  incorpora¬ 
tion  of  additional  servo  loops,  as  many  har¬ 
monics  as  desired  could  be  generated,  but  with 
obvious  increase  in  procedural  complexity  and 
facility  cost. 

Ree.a  rdiin:  the  use  of  random  excitation  to 
simulate  a  complex- wave  periodic,  i.  e.  . 
deterministic,  excitation,  two  points  are  of 
intetesl.  First,  the  phase  relationships 
between  the  harmonics  are  undelined  in  any 
esisttin;  data  and  will  certainly  vary  from  (mint 


to  point  in  the  structure.  Thus  random 
excitation,  with  its  statistically  varying  phase, 
will  in  an  indirect  manner,  simulate  all  the 
possible  phase  relationships  of  an  actual  envi¬ 
ronment.  Secondly,  as  part  of  the  development 
of  (lie  test  method,  the  response  of  a  single 
degree-of-freedom  system  to  recorded  gunfire 
vibration  was  examined,  using  an  analog  shock 
spectrum  computer.  It  was  interesting  to  note 
that  the  pseudo  shock-spectra  obtained  for 
several  damping  factors  (Q’s)  indicated  that  the 
spectra  varied  more  as  ^/Q  than  Q  itself,  which 
is  typical  of  the  response  to  random  excitation. 
This  indicated  that  random  excitation  would 
perhaps  provide  a  better  simulation  of  effects 
or  responses  than  could  be  obtained  from  a 
single  sine  wave. 

4.  At  some  point  during  consideration  of 
the  first  three  types  of  excitations,  the  follow¬ 
ing  situation  was  realized,  either  consciously 
or  not.  The  environment  was  created  from  a 
pulsed  excitation  and  had  been  broken  down  into 
its  constituent  parts,  i.  e.  ,  harmonics,  for 
understanding  and  quantitative  description.  The 
simulation  methods  being  considered  essen¬ 
tially  attempted  to  synthesize  the  constituent 
putts  an.1  thWv  mUi  litem  back  lugellter  VrtUt 
this  realization,  the  possibility  of  starting  with 
a  pulsed  excitation  and  then  modifying  it  appro¬ 
priately  to  achieve  the  proper  mix  became  the 
obvious  choice  of  excitation  waveform.  Several 
simulation  requirements  are  immediately  ful¬ 
filled  First  all  harmonics  arc  generated  at 
once.  Second,  the  deterministic  nature  of  the 
waveform  is  achieved.  Third,  the  phase  rela¬ 
tionships.  even  if  incorrect,  are  at  least  not 
artificially  controlled  and  would  be  repeatable 
for  a  given  test  set-up.  Fourth,  variation  of 
the  pulse-repetition  rate  would  tune  all  har- 
Sfi'frk-#  ’-of  rv’T1  y .  F  ftth ,  l&e  («et,"dkt4*$tluA  tfl 
immediately  determined  since  "realtime"  test¬ 
ing  is  achieved.  In  addition,  it  became  appar¬ 
ent  that  the  use  of  a  variable-PRF  pulse  gen¬ 
erator  together  with  otherwise  standard  vibra¬ 
tion  test  equipment  would  permit  the  generation 
of  an  appropriate  excitation.  It  is  assumed 
that  Hutchinson  and  Hancock  [1J  must  have  gone 
through  a  similar  thought  process  when  devel¬ 
oping  their  very  similar  method  at  approxi¬ 
mately  the  same  time  as  the  authors  of  this 
paper. 

5.  During  the  investigation  of  gunfire 
data  to  define  the  environment  and  develop  a 
test  method,  it  appeared  that  even  during 
ground  firing,  vibration  excitation  at  a  reduced 
level,  which  appeared  to  be  essentially  random 
in  nature,  was  present  between  the  peaks  in  the 
spectrum  at  the  multiples  of  firing  rate. 
Although  reduced  in  level,  the  level  exceeded 
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the  noise  floor  of  the  analysis  equipment.  In 
addition,  it  is  evident  that  during  inflight  gun¬ 
firing,  the  gunfire  excitation  will  be  superim¬ 
posed  on  the  normal  inflight  random  vibration. 

It  is  thus  desirable  to  be  able  to  simulate  the 
combination  of  pulsed  and  broadband  random 
excitation.  This  is  achieved  by  tin  lest  method 
described  below. 


lu^w'iupriirs  ut  ‘iriH'MTi/w  ■iKTiroti 

A  functional  block  diagram  ■  it  a  vibration 
system  which  can  be  used  to  generate  and  con¬ 
trol  the  pulsed  and  broadband  random  excita¬ 
tion  is  shown  in  Fig.  4.  It  will  be  clear  that 
the  broadband  random  excitation  is  completely 
independent  of  the  pulsed  excitation  and  can  be 
deleted  at  will.  However  the  shape  of  the 
spectrum  cannot  be  chosen  completely  inde¬ 
pendently  of  the  pulsed  excitation. 

The  pulsed  waveform  is  obtained  lrom  a 
pulse  generator  which  permits  control  of  both 
the  repetition  rate  (PRF)  and  pulse  duration. 
Selection  of  the  pulse  duration  and.  more 
importantly,  the  ratio  of  pulse  duration  to  rep¬ 
etition  period  (duty  cycle)  is  determined  by  the 
number  of  harmonics  to  be  generated.  For  ease 
of  equalization  it  is  desired  that  the  ampli¬ 
tudes  of  the  harmonics  of  interest  be  reason¬ 
ably  equal:  since  the  rate  of  decrease  in  har¬ 
monic  amplitudes  is  a  function  of  the  duty- 
cycle.  the  greater  the  number  of  harmonics  to 
be  generated,  the  smaller  the  duty  cycle  should 
be.  For  example:  for  a  duty  cycle  of  0. 1 .  the 
Fourier  coefficient  is  zero  for  the  tenth  har¬ 
monic  with  relative  amplitudes  dropping  rap¬ 
idly  beyond  the  first  few  harmonics:  however, 
for  a  duty  cycle  of  0.05,  the  first  Fourier  null 
occurs  at  the  twentieth  harmonic  with  relative 
amplitudes  not  dropping  nearly  so  rapidly.  In 
practice,  a  lower  limit  on  the  duty  cycle  is 
imposed  by  the  equalizing  equipment  which  is 
used.  This  stems  from  the  fact  that,  as  the 
duty  cycle  is  decreased,  the  pulse  amplitude 
must  be  increased  to  maintain  the  minimum 
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harmonic  amplitudes  required  for  adequate 
excitation;  for  a  given  equalizer,  there  will  be 
a  maximum  input  pulse  amplitude  which  cannot 
be  exceeded  without  causing  saturation  or 
clipping. 

The  pulse  u;  t\  d  tn  Uh  mpu!  v.f  a  ulawAiml 
random  vibration  equalizer,  switched  to  the 
manual  mode,  in  order  to  adjust  the  relative 
amplitudes  ol  the  individual  harmonic  compo- 
niiiN  <r  Ifn1  flesi  ■■jil  cab  ^iiu'  ■  itir  r  ,J:ii’v  > 

amplitudes  ol  the  harmonics  ol  the  pulse  are 
known,  either  theore  tically  or  by  measurement 
of  the  pulse  generator  output,  the  relative 
amplitudes  ol  the  desired  test  spectrum  can  be 
obtained  by  adjusting  the  gain  of  each  equalizer 
filter  which  contains  a  harmonic  to  the  appro¬ 
priate  value.  For  example,  if  the  desired  har¬ 
monies  art-  all  equal,  the  transfer  function 
through  the  equalizer  should  be  the  inverse  of 
the  envelope  ol  the  line  spectrum  of  the  [wise 
generator.  For  frequencies  above  the  highest 
harmonics  to  be  generated,  the  equalizer 
inters  are  set  to  maximum  attenuation.  The 
output  of  the  equalizer  which  contains  all  the 
desired  harmonics  adjusted  to  the  desired 
relative  amplitudes  is  then  fed  to  the  power 
amplifier  through  the  normal  control  console. 

As  shown  m  fig.  4.  control  ol  the  test 
level  requires  only  control  of  the  overall  rms 
acceleration.  However,  it  is  advisable  to  use 
a  low  pass  filter  between  the  control  acceler¬ 
ometer  (s)  and  the  rms  meter  so  that  the  test 
level  is  not  reduced  below  that  desired,  by  the 
presence  ol  unwanted  higher  frequency  output 
from  the  control  accelerometer. 

Superposition  of  random  excitation  on  the 
pulsed  excitation  is  quite  straightforward  as 
shown  in  Fig.  4.  In  order  to  easily  adjust 
gains,  and  to  enable  both  combined  and  sepa¬ 
rate  random  and  pulsed  exc  itation  during  test 
set-up.  it  is  necessary  to  use  a  random  noise 
generator  external  to  the  equalizer  system.  The 
signal  from  the  noise  generator  is  fed  to  the 
equalizer  through  a  gain  setting  potentiometer. 
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Fig.  4  -  Functional  block  diagram  cf  pulsed  vibration 
excitation  system. 
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Tin-  shapt-  .-I  tin-  spi-vlntm  "Vt-r  must  i  >t  tin- 
:  n -i |Ut-m  \  r.uii-,1-  is  tli-irnnmcd  liv  the  previ- 
'iisl'.  disiussed  n-quiii-mruts  lm-  .idiuslmg  tin- 
n-l.ilHi-  li.iriiiumi-  .implttudi-s.  Ib-wi-vir,  w.llt 
I >ri >! u - r  M-li-i-lniti  nl  i in t \  i-u'li-,  ,m  i-sst-iitialK 
■vlutr  ii'iisi-  spi-t'l nmi  sli.ipr  ran  In-  achii-voi. 

Thi  .  qu.tli/  1  -ili-  -Mil  111  I  I.  4  Mil.:-.  UV.1 
pu i -pi isi-s.  Tin- Inst,  ailiusl iiu-nl  nl  tin-  n-la 
l  it  1 1.1 1  iiimiir  ampllluili-s  .  has  ln-i-n  iltsi'ussi-il 

' i  ■  -i  -. "  *  v  * « >--  - " i  -  ' '  . .  ■  - 

i-M'ili-i  ti.Muci-  li-sl  a  rl  lilt-  it\  n.i  1 1 1 1<  sisli-ia. 
Ki|iiaii.'.a!i"ii  -il  tin-  svsh-m  i •  •  mil  ill  Uu-m-  pur 
pusi-s  is  ai  i  i uiipl isln-il  In  iism-.-,  i-.intlmit  nuisi- 
i-xi-it.lt  li ill  in  tin-  usual  laslumi  lm-  manual 
i-qualiz.it mu  usin.-,  tin-  spi-i  lrum  r.ihul.tti-d  1" 
prnvuli-  Hit-  ilrsiri-il  rrlaliu-  liarui'Miu-  ampli 
tiuli-s.  Tin-  i-ijual i/.al mu  ran  In-  pi-rt’i -  rim-il  .it 
a  hnv  aiai-li-i  alum  ii-n-l  with  tin-  li-sl  armlt-  in 
plain-.  Alli-rnai  m-ly  .  111-.-  autlim  s  lu-lu-vi-  pn-1 - 
t-rahlv  lm-  typical  "black  linxi-s".  tin-  equal  i- 
/.at mu  ran  In-  pi-rl'nns.i-d  at  a  li-vi-l  i-onsisti-nt 
with  tin-  li-sl  U-vi-1  and  with  an  empty  lixtun-. 
The  Inadllli',  III'  tin-  lixtun-  li\  the  unit  as  tlu- 
PUT  is  dunged  will  then  neeur  naturally  and 
analogously  in  the  situation  in  the  a  ire  rati 
installation.  This  also  avoids  exeess  vibra- 
tion  exposure  of  the  lest  allude  stnee  equalt- 
/ation  in  the  manual  mode  may  tie  lengthy. 

After  equalization,  it  is  neeessary  to  sep- 
arately  set  the  gams  tor  the  random  and  pulsed 
excitations.  With  the  master  gain  (see  Fig.  41 
set  to  a  desired  operating  point,  and  the  ran¬ 
dom  gain  at  zero,  and  using  the  initial  test 
PRF,  the  inilsed  gain  ts  increased  and  the  gain 
setting  noted.  Next,  with  the  master  gain  at 
the  same  setting  and  the  pulsed  gain  set  to 
zero,  the  random  gam  is  increased  until  the 
desired  ruts  arc  deration  is  achieved  and  the 
gain  setting  noted.  The  test  can  then  be  com¬ 
menced  with  these  gains  set  for  the  individual 
VHI-lUtS-U*  4UUi  Uv  UU'MVUXUe  UU>  UU.WU-1'  *UUl 
until  the  overall  ruts  acceleration  is  achieved. 
As  the  PRF  cluinges,  either  continuously  or 
pret'ct-Uiiy  stepwise  Uu-  niersil  rms  greeter  i- 
tion  is  maintained  by  either  manual  or  servo 
control  of  the  master  gain  setting. 

Fig.  4  shows  an  accelerometer  signal 
averager,  sometimes  known  as  a  time  division 
multiplexer  in  the  control  system.  It  is  desir¬ 
able  to  use  the  average  of  several  accelerom- 

ftn- 

reasons  as  for  any  other  type  of  excitation. 
Some  of  the  problems  associated  with  the  use 
of  averagers  are  discussed  in  a  companion 
paper  and  will  not  be  repeated  here  since  they 
are  not  peculiar  to  the  use  of  pulsed  excitation. 


The  need  to  generate  pulsed  excitation 
over  a  range  of  PRF's  has  been  mentioned 
previously.  To  obtain  the  most  comprehensive 
lest,  it  would  be  desirable  to  vary  the  PRF 
continuously  over  the  appropriate  range.  How- 
ew-r,  the  range  involved  is  usually  a  small 
percent  of  the  nominal  PRF  and  is  of  the  same 
..id.  t  as  typical  it  sonant  bandwidths.  Thus  a 
practical  compromise  is  to  step  the  PRF 
through  the  range  in  a  suitable  number  of  steps 
*Ah  uu*" fx  iw-tMKUjWts  Ui  i-wCip  409 

resonances  within  the  range  to  essentially 
maximum  response.  This  rather  small  com¬ 
promise  permits  a  significant  reduction  in  test 
complexity  and  data  reduction  costs.  In  addi¬ 
tion,  test  repeatability  is  improved  from 
almost  non-existent  to  very  good.  These  bene¬ 
fits  accrue  from  the  following  practical 
considerations: 

1.  If  tlie  PRF  is  to  be  varied  continu¬ 
ously.  die  sweep  parameter  (whether  it  be 
voltage,  resistance  or  capacitance)  must  be 
capable  of  being  programmed  in  a  repeatable 
manner.  On  the  other  hand,  it  is  a  relatively 
simple  task  to  achieve  precise  repeatability  of 
an  incremental  series  of  PRF's. 

2.  The  excitation  is  a  combination  of 
pulsed  and  random  excitation.  If  the  PRF  is 
constant,  the  excitation  can  be  described  by 
the  harmonics  of  the  pulsed  excitation  and  the 
spectral  density  of  the  random  excitation.  If 
the  PRF  is  continuously  varying,  the  wave¬ 
form  is  non-stationary.  The  excitation  can 
then  only  be  described  by  an  approximation 
based  on  an  assumed  constant  PRF  during 
selected  data  samples.  The  difficulty  of 
achieving  a  complete  and  accurate  description 
of  the  excitation  is  clear. 

3.  The  ability  of  the  test  technician  to 
juitUMl  Uu-  U<«t  IqmaIm  UtK  l TF  •rf.y*  Ir-m 
value  to  the  next  is  considered  to  be  better  and 
more  consistent  than  his  ability  to  continuously 
adjust  the  level  as  the  PRF  sweeps  across  the 
range. 

Fig.  5  illustrates  an  example  determina¬ 
tion  of  the  minimum  number  of  PRF  steps  re¬ 
quired.  The  total  PRF  range  is  divided  into  a 
number  of  equal  increments  and  test  PRF's 
placed  at  the  center  of  each  increment.  The 
'  i-i  s,4ltLf  Uv-  C-MuP  Uxs  •*  'WCttl'fy  W't  *  n 
assumed  damping  factor  is  drawn  with  the 
maximum  value  midway  between  adjacent 
PRF's.  The  maximum  amount  by  which  full 
resonant  response  is  not  achieved  can  be  mea¬ 
sured.  In  Fig.  5  using  the  PRF  variation  for 
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Fig.  5  -  Minimum  response  to  stepped  PRF 


an  M-61  gun  and  a  Q  of  20,  it  is  seon  that  ten 
steps  provide  response  within  1  db  oi 
maximum. 


USE  OF  METHOD 

The  following  describes  an  application  of 
the  recommended  method  in  the  authors'  labo¬ 
ratory.  Sufficient  detail  is  included  to  illus¬ 
trate  practical  limitations  and  problems  which 
can  be  encountered. 


Test  Requirements 


It  was  necessary  to  simulate  the  effects  of 
two  different  gunfiring  rates.  The  range  of 
uncertainty  (due  to  temperature  and  hydraulic 
pressure  variations)  for  the  lower  firing  rate 
was  from  61.  7  to  75.  0  Hz  and,  for  the  higher 
firing  rate,  was  from  95.0  to  108.3  Hz.  Test 
exposure  time  in  each  axis  for  each  firing  rate 
was  10  minutes  at  harmonic  amplitudes  speci¬ 
fied  in  Fig,  6.  Random  base  excitation  was 
also  required  at  a  nominal  level  of  3g  rms. 


FRIQUfcNCY  (FUNDAMENTAL  AND  HARMONICS) 


Peak  Acceleration.  £  Peak 


Part 

Fundamental 

2nd  Harmonic 

3rd-  10th  Harmonic 

1 

2.5 

3.  5 

5.0 

2 

2.  5 

5.0 

5.0 

_ _ _ 

_  _ _  ..  . 

. _ _ 

Fig.  6  -  Gunfire  vibration  test  spectrum 
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automatic  sequencing  nl  PR F  dwell  mm's,  This 
was  achieved  liy  the  use  nl  a  simple  ring 
counter  1 1  n-  switching  PDF's.  Two  pul  si*  train 
oiil|)iits  worn  provided:  mu*,  with  variable 
amplitude,  is  used  lor  test  excitation;  the  other, 
with  constant  amplitude,  is  recorded  on  the 
test  data  tape  for  later  use  in  analysis.  A  PDF 
code  signal  consisting  of  ten  incremental  DC 
\  ullages  (positive  for  high  firing  rate  PDF's 
and  negative  for  low  firing  rate  PDF's)  is  also 
provided  and  recorded  during  test  for  later 
analvsis  use. 
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’■dse  .  eia  ration  was  achieved 
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The  derivation  ol  the  equalization  settings 
tor  the  line  spectra  ol  Fig.  0  is  shown  in  Fig.  7. 
Since  a  constant  duty  cycle  is  maintained,  the 
equal  i/at  ion  setting  for  a  particular  harmonic 
is  constant  as  the  PDF  is  varied,  assuming  the 
desired  amplitude  of  the  harmoiiie  is  constant. 
The  ideal  equalization  then  becomes  a  stair¬ 
case  tunetion.  In  Fig.  7.  a  pair  of  continuous 
curves  within  which  the  staircase  function  must 
lie.  is  shown  for  both  the  high  and  low  PDF's. 

It  should  he  noted  that  a  reference  value  of 
0.  1  g2  Hz  was  chosen  arbitrarily  as  a  matter 
ot  convenience.  To  avoid  the  necessity  for  re- 
equalization  between  high  and  low  PRF  tests, 
compromise  equalization  settings  arc  shown  by 
the  single  curve  between  the  pairs  of  ideal 
curves.  The  maximum  difference  between  the 
ideal  and  compromise  settings  is  less  than 
1  db.  During  test  the  high  firing  rate  PRF's 
were  run  first  and  only  a  brief  test  shutdown 
was  required  to  re-set  to  minimum  those 
equalizer  channels  applicable  only  to  the  high 
PRF's.  before  proceeding  with  the  low  firing 
rate  tests. 


Test  Control 

As  has  been  described  in  a  preceding 
section,  it  was  necessary  to  pre-adjust  the 
relative  amplitudes  of  the  pulsed  excitation  and 
the  random  excitation.  To  avoid  the  necessity 


ig.  7  -  Kquaiization  settings 
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for  logging  and  re-setting  of  each  gain 
adjustment  (see  Fig.  4),  a  "noise  only"  spring- 
loaded  switch  was  provided.  This  permitted 
setting  the  pulsed  excitation  amplitude  (with 
noise  gain  set  to  zero)  and  then  setting  the 
noise  excitation  amplitude  without  disturbing 
the  pulse  gain  setting.  The  control  signal  was 
passed  thru  a  1500  Hz  low-pass  filler  and 
monitored  on  a  true-rms  VTVM. 

The  control  signal  was  derived  I  rom  the 
output  of  a  multiplexing  averager  (TDM)  with 
the  number  of  input  accelerometer  signals 
varying  from  two  to  six.  depending  on  the  test 
article.  There  are  several  potentially  serious 
problems  inherent  in  the  use  of  a  TDM  whii  h 
are  beyond  the  scope  of  this  paper.  It  should 
be  noted,  however,  that  significant  errors  in 
both  test  control  and  data  reduction  can  occur 
at  low  frequencies  if  alternate  TDM  inputs  are 
out  of  phase.  This  can  occur  in  the  neighbor¬ 
hood  of  a  low  frequency  resonance  or,  more 
importantly,  if  the  physical  orientation  of  con¬ 
trol  accelerometers  differ  by  180‘  . 


Data  Reduction 

As  lias  been  noted,  the  maximum  time 
duration  at  each  PRF  was  60  seconds.  If  the 
taped  test  data  were  looped,  it  would  have  been 
possible  to  determine  the  harmonic  amplitudes 
by  using  a  swept  wave  analyzer.  However: 
since  each  test  would  have  required  looping  and 
analysis  of  60  data  sequences  (10  high  firing 
rate  PRF's  and  10  low  firing  rate  PRF's.  for 
each  of  three  axes),  and  since  the  resulting 
mass  of  data  would  have  required  further  pro¬ 
cessing  for  easy  correlation  with  test  phenom¬ 
ena,  the  above  analysis  approach  was  deemed 
Impractical. 

In  seeking  alternatives,  a  digital  analysis 
technique  was  particularly  attractive  because 

•  A  rui  miMlrg  qyumt  !&|  tutJug  d  eumla- 

filter  array  of  52,  10-percent  bandwidth  chan¬ 
nels  in  conjunction  with  a  multiplexer  and 
anaiog-tn-idig'ta'  converter  under  the  nmu-nl 
of  a  small  general  purpose  computer.  Only 
minor  modifications  of  the  gunfire  simulation 
generator  and  test  method  were  required  to 
permit  implementation  of  the  following  analysis 
technique. 

For  each  aw  array  tiM«w  filter  %+«- 
nels  was  selected  based  upon  the  joint  criteria 
of  maximizing  the  desired  harmonic  response 
and  minimizing  the  effect  of  adjacent  harmonic 
response  in  each  filter  chosen.  A  self- 
calibration  mode  was  devised,  taking  advantage 
of  the  fact  that,  since  the  duty  cycle  of  the 


excitation  pulse  train  was  controlled  carefully, 
the  ratios  between  harmonic  amplitudes  and 
pulse  train  amplitude  were  measurable  con¬ 
stants.  Thus,  a  single  pass  of  any  given  data 
sequence  (10  successive  PRF's)  permitted  the 
calculation  of  the  gain  factors  for  each  channel 
for  all  ten  filter  arrays,  by  the  simple  expe¬ 
dient  i it  adjusting  the  rms  input  amplitude  of 
the  recorded  pulse  train  to  a  pre-determined 
constant,  measuring  each  channel  output  and 
dividing  n  by  the  product  of  the  corresponding 
harmonic  amplitude  ratio  and  the  pulse  ampli¬ 
tude.  The  time-saving  factor  of  this  approach 
is  obvious  but  an  additional  advantage  accrued 
in  the  elimination  of  potential  errors  due  to 
minor  variations  in  tape  recorder  speed  con¬ 
trol  during  data  recording  and  playback  which 
are,  of  course,  reflected  m  apparent  data 
frequency  variations.  The  gain  factors  so 
derived  are  stored  in  arrays  of  core  for  later 
addressing  during  successive  analysis  runs. 

A  sampling  rate  of  10  K  samples  sec  is 
used  during  an  analysis  time  of  11  seconds 
while  multiplexing  each  array  of  10  filter  chan¬ 
nels  plus  a  broadband  channel  (the  latter  is 
used  for  measuring  the  broadband  rms  ampli¬ 
tude  of  the  signal  being  analyzed).  Thus.  10  K 
samples  are  accumulated  for  each  channel  and 
the  number  of  samples  per  cycle  at  the  highest 
harmonic  frequency  is  nearly  10.  The  decod¬ 
ing  of  the  PRF  signal  is  made  independent  of 
possible  amplitude  variations  due  to  impre¬ 
cision  in  record  reproduce  alignment:  this  is 
achieved  by  computer  measurement  of  the 
maximum  code  voltage  (first  PRF)  and  mini¬ 
mum  code  voltage  (10th  PRF)  and  calculation 
of  the  ten  incremental  steps  between  actual 
maximum  and  minimum.  The  actual  code 
voltages  thus  derived  are  stored  in  the  com¬ 
puter  in  a  comparison  table  which  is  vtsai  ¥or 
PRF  identification. 

During  analysis  runs,  successive  samples 
Drum*  tit#  uwuUlfjlPtetl  filter  btetUMri*  are  digi¬ 
tized.  squared  and  stored  using  a  simple  algo¬ 
rithm  of  Simpson's  Rule  for  estimating  the 
mean  square  for  each  lumoute  The  peal: 
values  are  then  calculated,  scaled  to  engineer¬ 
ing  units  (taking  account  of  variable  system 
gains  and  transducer  sensitivity)  and  digital 
magnetic  tape  records  written  for  subsequent 
output  via  teletypewriter.  A  typical  end  result 
is  shown  in  Fig.  8.  Presentation  of  both  the 
m+xttwred  Iffnudtewd  twtd  esteaiawd  {fur  Uw  io 
harmonics  only)  rms  values  is  doubly  useful. 
Since  the  calculated  value  should  be  only 
slightly  less  than  the  test  level,  it  serves  as  a 
rough  check  of  the  adequacy  of  test  perior- 
mance.  At  the  same  time,  since  the  unfiltered 
measured  value  should  be  somewhat  greater 
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GUNFIRE  VIBRATION  DATA  ANALYSIS 


HIGH  G.F.  KATw 

R6C 

.  NO.  0007 

Year  1970 

HARMONICS : 

PEAK  G'S 

BROADBAND:  RMS 

G'S 

Fit  F  *S 

107.6 

106.2 

104.8 

103.4 

102.1 

FUND 

.3  74096  +  0 1 

.333936+01 

.324836+01 

.318036+01 

.31 1626+01 

2ND 

,468836+01 

.413176+01 

.458386+01 

.43282E+01 

.431326+01 

3RD 

.>31776+01 

.  >82 1 06+0 1 

.51  759E+01 

.464226+01 

.671016+01 

4TH 

. 3 1 6326+0 1 

.473196+01 

.516636+01 

.543636+0 1 

.498216+01 

3TH 

. 643  72E  +  0 1 

.307676+01 

.415196+01 

.54051 i+Q 1 

.677046+01 

61 H 

.44421 t+0 1 

.631026+01 

.570136+01 

.306726+01 

.551456+01 

71  H 

.370746+01 

.447906+01 

.637286+01 

. 6 1 6666+0 1 

.  65275E  +  0 1 

8TH 

.  4  70 1 4E  +  0 1 

.522976+01 

.39603E+01 

.538946+01 

.408076+01 

9TH 

.432316+01 

.515826+01 

.469776+01 

.477446+01 

.573236+01 

i  or  h 

.221 166+01 

.487336+01 

.508696+01 

.417176+01 

.  535566  +  0 1 

BB-M 

.1 I734E+02 

.  1 1964E+02 

.1  18986+02 

. 1 1 6396+02 

.120106+02 

BB-C 

.  1 0790E+02 

.  1  1  1346  +  02 

.109936+02 

.1 10166+02 

.  121636+02 

PRF  'S 

100.8 

99  .3 

98  .2 

96.9 

95.6 

FUND 

•31295E+01 

.337076+01 

.493696+01 

.337366+01 

.366336+01 

2ND 

.457516+01 

.527206+01 

.624746+01 

.607056+01 

.754736+01 

3RD 

.46374E+0 1 

.495956+01 

.563856+01 

.516896+01 

.491956+01 

41 H 

.440 18E+0 1 

.  4  728  4E+0 1 

.53575t+01 

.474946+01 

.461266+01 

5TH 

.397566+01 

.320076+01 

.221876+01 

.27295C.+01 

.390606+01 

6TH 

.3323 1 E+0 1 

.459956+01 

.542026+01 

.524046+01 

.4357  4l+0 1 

7TH 

.635486+01 

.53397E+0 1 

.500616+01 

.564436+01 

.449806+01 

8TH 

.61 143E+01 

,598  1  5E+0 1 

.514276+01 

.450236+01 

.410436+01 

9TH 

.  5593  6E+0 1 

.602476+01 

.369826+01 

.413616+01 

.392836+01 

1 0TH 

■48659E+0 1 

.596-176+01 

.517316+01 

.5 135 1E+01 

.521596+01 

BB-M 

.1 16416+02 

.1 1 653E+02 

.115016+02 

. 1 1 7696+02 

.116386+02 

BB-C 

.1  1  I48E+02 

.  1 12646+02 

.11  1656+02 

.10684^+02 

.107216+02 

BB-M:  ME  AS  UK  6D  BROADBAND  (ALL  HARMONICS  PLUS  BASE  NkJISE  > 
BB-C:  RMS  0F  LINE  SPECTRUM  (10  HARMONICS  0NLY) 


Fig.  8  -  Typical  teletype  print-out  of  gunfire  vibration  test  data  analysis 


than  the  calculated  value,  potential  analysis 
errors  due  to  occasional  malperformance  of 
the  digital  system  or  the  analog  tape  record/ 
reproduce  system  often  can  be  detected  by 
comparison  of  the  two  values. 

Since  the  analysis  of  one  data  track  from 
one  test  sequence  must  take  nearly  10  minutes 
(with  the  same  true  for  a  self-calibration  run), 
the  speed  usually  associated  with  digital  sys¬ 


tems  cannot  be  realized.  However,  the  aver¬ 
age  time  required  from  receipt  of  raw  data  to 
generation  of  an  output  (typified  by  Fig.  8) 
varies  from  about  0.  7  to  0.  9  hours.  This 
includes  analog  tape  editing  and  self- 
calibration  runs;  the  maximum  time  occurs 
where  only  one  data  track  per  sequence  is 
analyzed  and  the  minimum  time  applies  where 
five  or  more  data  tracks  per  sequence  are 
analysed.  The  results  of  several  early  analog 


46 


analyses  of  similar  data  indicate  that  the  time 
per  output  for  an  equivalent  data  format  would 
be  about  sixteen  hours. 


COMPARISON  OF  METHOD  TO  MIL-STD- 
810B.  METHOD  519 

In  late  1969.  a  gunfire  vibration  test  was 
added  to  the  vibration  tests  included  in  MIL- 
STD  810B.  It  is  known  as  Method  519.  Gun¬ 
fire  Vibration,  Aircraft.  As  this  is  the  only 
military  specification  (known  to  the  authors) 
applicable  to  gunfire  vibration,  it  is  appro¬ 
priate  to  compare  some  of  the  features  of  the 
method  described  here  to  Method  519. 


Method  519  is  a  random  vibration  test  with 
the  test  spectrum  shown  in  Fig.  9.  If  facility 
limitations  dictate,  an  alternate  spectrum, 
shown  in  Fig.  10,  which  employs  swept  nar¬ 
rowband  on  broadband  random  is  permitted. 
The  maximum  spectral  density,  Gma.x ,  is 
determined  by  consideration  of  the  muzzle 
energy  of  the  particular  gun.  the  number  of 
guns  and  their  firing  rate,  the  weight  of  the 
test  article  and  the  vector  distance  between 
gun  muzzle  and  installed  equipment.  Thus  the 
test  level  is  tailored  to  the  particular  instal¬ 
lation.  which  is  commendable.  However,  the 
frequency  range  of  the  test  spectrum  is  fixed 
rather  than  being  keyed  to  the  permissible 
firing  rates  of  the  gun.  For  several  typical 


6  rr  o  » 


Fig.  9  -  Random  vibration  test  curve. 
Fig.  519-5  of  MIL-STD-810B. 

29  September  1969 


i„ 


Fig.  10  -  Swept  random  vibration  test  curve. 
Fig.  519-7  of  MIL-STD-810B. 

29  September  1969 
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gunfire  rales,  e.  g.  .  25  Hz.  67  Hz  and  100  Hz. 
the  Ilil-nunHa-*  *r<*  i  wlnitlo  Hie  Uni  rsngr 

It  is  suggested  that  M ft h< hI  019  should  bo  modi¬ 
fied  to  onsuro  that  (hi  appropriate  frequency 
range  'if  excitation  is  covered.  It  is  believed 
that  the  pulsed  excitation  method  has  the  ad¬ 
vantage  of  automatically  exciting  the  appropri¬ 
ate  frequency  ranges. 

It  is  not  the  purpose  of  this  paper  to  dis¬ 
cuss  gunfire  vibration  levels.  However  it  is 
appropriate  to  illustrate  the  previously  men¬ 
tioned  conservatism  of  broadband  random 
excitation  due  to  "filling  in"  the  valleys  of  the 
spectrum  between  harmonics.  Method  519  was 
applied  to  a  typical  installation  of  avionics  and 
the  test  levels  shown  in  Table  11  obtained.  It 
is  anticipated  that  some  difficulty  would  be 
experienced  in  testing  even  some  of  the  lighter 
weight  units  to  the  required  rnis  accelerations. 

Even  the  alternative  narrowband  sweep, 
which  employs  a  100  Hz  bandwidth  would  be 
difficult  to  achieve  at  the  tabulated  spectral 


density  values.  Further,  published  gunfire 
vtorvMim  Oati  fj*«u  w  install »(•'-.  a  m  d'seim- 
ilar  to  that  used  for  Table  II  does  not  indicate 
rnis  accelerations  approaching  those  listed. 

Thus  it  is  concluded  that,  compared  to  use 
of  a  pulsed  excitation,  the  use  i/  broadband 
random  excitation  as  in  Method  519  leads  to 
conservative  vibration  test  levels  which  are 
also  difficult  and  expensive  to  create  in  the 
laboratory. 


CONCLUSION 

The  foregoing  paragraphs  have  described 
the  requirements  for  adequate  simulation  of 
complex  wave  periodic  vibration.  It  has  also 
been  shown  that  these  requirements  can  be  ful¬ 
filled  by  addition  of  an  inexpensive  variable- 
PRF  pulse-generator  to  any  existing  random 
vibration  system.  Experience  gained  during 
design-development  and  qualification  testing  of 
an  avionics  system  comprised  of  approximately 


TABLE  II 

Method  519  Gunfire  Vibration  Levels  for  Typical  Aircraft  Installation 


Weight 

(lbs.) 

Zone 

D 

(in.) 

Gmax 
(g2  Hz) 

u  max 
(g2/  Hz) 

Grms 

135.0 

36.3 

3.  6 

1.33 

39.3 

142.0 

• 

35.  1 

3.  8 

1.  29 

38.  7 

39.0 

35.6 

3.  7 

NA 

65.6 

39.0 

31.3 

4.9 

NA 

75.  5 

34.0 

27.  7 

4.  3 

NA 

70.  7 

28.0 

31.7 

4.  9 

NA 

75.  5 

25.  7 

28.2 

5.  8 

NA 

82.  1 

71. 0 

• 

25.  9 

6.  4 

NA 

86.  3 

65.  0 

14.  6 

9.  2 

NA 

103.4 

63.0 

95.  1 

0.  095 

NA 

10.  5 

41.  8 

- 

107.  5 

0.  076 

NA 

9.4 

17.4 

- 

91.  7 

0.  105 

NA 

11.0 

39.  5 

• 

43.  5 

2.0 

NA 

48.  2 

158.  5’ 

- 

131.4 

0.  055 

0.015 

4.2 

171.0’ 

- 

170.  8 

0.041 

0.011 

3.  5 

179.0’ 

- 

174.  6 

0.  040 

0.011 

3.  5 

No  test  required  since  G'max  less  than  0.04 
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30  black  boxes  has  shown  the  test  method  to  be 
extremely  cost-effective.  Barring  lailures  in 
the  unit,  three  axes  of  gunfire  excitation  de¬ 
scribed  earlier  can  be  accomplished  in  approx¬ 
imately  four  hours.  Final  proof  of  the  ade¬ 
quacy  of  the  simulation  must  await  exposure  ol 
this  equipment  to  actual  gunfire  excitation. 

The  inadequacy  of  sinusoidal  excitation 
and  the  conservatism  of  broadband  random 
excitation  have  been  indicated.  It  is  recoin 
mended  that  a  pulsed  excitation  be  included  in 
Method  519.  Gunfire  Vibration.  Aiicralt.  ol 
MIL-STD-810B. 
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KAI  IONALES  APPLYING  TO 


VIBRATION  FOR  MAINTENANCE 


A.H.  Giundy 

Canadian  Force!  Headquarters 
Ottawa,  Canada 


Tile  parameters  associated  with  the  measure¬ 
ment  of  vibration  as  an  Indicator  of  wear 
and  the  need  for  maintenance  are  discussed. 
It  is  concluded  that  velocity  Is  the  most 
appropriate  parameter.  Examples  are  given. 


INTRODUCTION 

In  practice  there  are  no  perfect  bearings, 
perfect  shafts,  perfect  gears,  or  perfect  blades 
In  machines,  and  as  a  consequence,  even  new 
machinery  vibrates.  During  use,  all  moving 
parts  '■■ear,  or  deflect  slightly  in  time  so  that 
clearances  Increase,  and  rotating  parts  become 
out  of  balance.  All  this  increases  vibration 
above  Its  original  level,  which  can  therefore 
be  a  measure  of  wear.  It  la  found  that  the  in¬ 
crease  in  wear  produces  Increase  In  vibration, 
which  In  turn  Increases  wear.  Consequently,  a 
smoothly  running  Item  will  run  satisfactorily 
for  a  long  time,  and  as  wear  becomes  "notice¬ 
able",  It  Increases  cumulatively. 

This  speeding  up  of  the  Increase  in  vibra¬ 
tion  can  be  detected  by  recording  vibration 
levels  regularly.  From  experience,  therefore, 
vibration  levels  can  be  used  to  predict  the 
wearing  out  of  parts,  that  Is,  mechanical  fail¬ 
ure,  before  it  happens. 

We  can,  by  this  means,  keep  smoothly  runring 
equipment  in  service  for  a  long  time  without 
disruption  or  Introduction  of  foreign  matter, 
or  replacement  misalignment,  In  contrast  to 
planned  maintenance  schemes,  based  on  the 
earliest  failure  time  of  similar  machines.  It 
also  means  that  we  can  keep  equipment,  known  to 
be  worn,  In  service  until  it  Is  convenient  to 
overhaul  It  avoiding  breakdowns,  which  enforce 
Inconvenient  ldlenees,  because  of  the  warning 
vibration  can  give. 

It  1 8  possible  to  select  displacement, 
velocity,  acceleration,  linear  scales,  log¬ 
arithmic  scales,  peak  to  peak,  average,  cr 
root  mean  square  values,  as  parameters  for 
measuring  vibration.  Whilst  it  is  posslb'e 


mathematically  to  convert  Irom  one  parameter 
to  another  if  sufficient  information  is  known, 
there  are  some  parameters  which  reduce  work, 
effort,  and  thought,  and  vet  tell  all  the 
answers  required. 

Traditionally,  it  is  the  engineers  hand  and 
ear  which  plans  maintenance  before  failures 
occur.  Though  the  ruler,  micrometer,  and  dis¬ 
placement  vibration  gauge  art-  the  earliest 
forms  of  measurement  they  are  far  irom  being  the 
best.  It  is  n  known  fact  that  f requency  of 
vibration  must  be  taken  into  account  in  the 
measurement  of  movement  (vibration)  in  order  to 
assess  its  Importance. 


For  instance  if  you  move  little  boy's 
shoulders  backwards  and  forwards  six  Inches 
taking  two  or  three  seconds  in  each  direction 
he  will  probably  not  object  too  much,  11,  how¬ 
ever,  the  frequency  is  raised  to  10  times  per 
second,  he  will  object  violently  (if  you  have 
not  already  broken  his  neck).  Similarly  with 
a  machine  or  equipment,  a  movement  of  1  foot 
per  second  may  not  have  any  deleterious  effect, 
but  a  displacement  of  one  hundredth  of  this  at 
1000  cycles  per  second  would  disintegrate  it 
because  of  the  high  "g"  forces  fnvolved. 
Frequency  is  vital. 


Figure  1  shows  the  logarithmic  com¬ 
parisons  of  the  three  vibration  parameters, 
acceleration,  velocity,  and  displacement 
against  frequency;  at  any  selected  frequency,  an 
acceleration  or  displacement  can  be  obtained 
from  a  velocity  measurement,  or  vice  versa.  Thus, 
in  a  sense,  measurement  in  one  parameter  fixes 
the  results  in  the  other  two  parameters.  How¬ 
ever,  there  are  several  considerable  advantages 
in  choosing  velocity,  which  will  be  shown  later. 
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Fig.  1  Velocity,  Frequency,  Displacement  Relations 


rationale 


Movement,  i.e.  displacement,  obviously  Is 
important  as  a  factor  in  wear,  (no  movement, 
no  wear).  Frequency  is  also  important  (see 
above).  Therefore  a  parameter  combining  both, 
could  be  an  advantage  i.e.  velocity  (displ.  X 
l'req.)  or  accel  eraLion  (displ  .  X  freq.  X  freq.) 
if  they  contain  the  right  proportions. 

Force  per  unit  area  of  relatively  moving 
surface  is  also  important  in  wear.  However, 
when  we  are  considering  a  particular  equipment 
we  are  considering  a  fined  design,  and  there¬ 
fore  till s  element  of  the  parameter  . s  propor¬ 
tional  to  force.  Force  Is  a  mass  acceleration, 
and  as  we  are  considering  a  particular  Item, 
the  mass  is  a  "constant",  and  therefore  ac¬ 
celeration  is  the  variable.  However  vibration 
acceleration  is  oscillatory  and  not  constant  in 
one  direction.  Wear  is  proportional  to  friction 
which  is  therefore  constant  under  a  constant 
force  (acceleration).  Oscillatory  acceleration 
is  different,  in  that  frequency  has  an  effect, 
in  fact  at  several  kilo  cycles  per  second  and 
above,  a  shaft  feels:  slippery  not  rough,  and 
has  very  little  friction  at  very  high  frequency. 
That  Is,  the  friction  with  oscillatory  accelera¬ 
tion  in  inversely  proportional  to  frequency. 
Dividing  acceleration  by  frequency  gives 
VELOCITY  as  the  correct  parameter. 

This  is  in  line  with  another  consideration 
which  is  that  the  above  formula,  "force  =  mass 
acceleration",  is  true  at  very  low  frequencies, 
but  as  frequency  Increases  the  Impedance  of  a 
structure  alters.  This  impedance  alteration  is 
somewhat  dependent  on  wavelength,  and  there¬ 
fore  the  coupled  mass,  (whose  reduction  reduces 
the  force  as  the  frequency  increases)  (with 
constant  acceleration).  For  this  reason,  force 
is  less  than  proportional  to  acceleration,  and 
Is  nearer  to  velocity. 

A  mathematical  type  of  proof  that  velocity 
is  an  important  gauge  for  wear  in  machinery  is 
as  follows: 

At  any  given  time  the  wear  is  proportional 
to  the  energy  being  dissipated  at  the  relatively 
moving  part. 

Energy  =  work  =  force  X  distance,  i.e. 
acceleration  X  distance  = 

=  distance  X  acceleration  =  ems  x  ems / 

(sec  X  sec)  = 

=  (cms/sec)  =  (velocity  ),  i.e.  2  log 
veloci ty 

=  2  x  bels  of  velocity  or  decibels  for 
convenience. 

Thus,  wear  is  somewhat  proportional  to 
velocity  decibels  (vdb). 


Also  I  rotn  lorce  (acceleration)  considerations 
we  should  divide  by  frequency  to  get  a  para¬ 
meter  for  wear,  which,  again  indicates  velocity. 

it  now  appears  that  we  have  a  single  para- 
ter,  velocity,  which  is  crudely  proportional 
to  wear,  (or  condition  of  the  equipment). 

The  above  is  borne  out  firstly  by  vibration 
tests  on  a  helicopter.  The  problems  were  (a) 
shaking  of  the  instrument  panel  (and  pilot's 
seating,  etc.)  and  (b)  failure  ol  a  centrifugal 
clutch.  The  tormer  was  caused  by  the  rotor  im¬ 
balance,  anil  the  latter  by  a  high  frequency 
chatter  ( 2U0U  cps)  iron;  epi  cyclic  gearing. 
Logarithmic  scaled  graphs  ol  the  lol lowing 
shapes  were  plotted.  Fig,  2 


Fig.  2 

(Actual  Ship  gearbox  vibration  measurements  (at 
the  end  ol  this  paper)  and  also  helicopter  trans¬ 
mission  vibrations  are  plotted  in  the  three 
different  parameters  for  comparison  in  Appendix 
A). 

If  the  straight  lines  are  the  equivalent 
limits  then  it  is  theoretically  pOssiDle  to 
diagnose  problems  with  each  type  of  vibration, 
but,  in  fact  Displacement  is  too  insensitive  to 
discriminate  high  frequency  and  Acceleration  is 
poor  at  low  frequency.  Also  for  D  and  A,  a 
frequency  graph  must  be  plotted  to  compare 
results.  Not  so,  with  velocity,  and  the  above 
criteria  simplify  approximately  to;  Fig.  3 


We  therefore  see  that  from  the  movement 
(displacement)  considerations  we  should  in 
some  way  multiply  by  frequency  to  get  a  para¬ 
meter  for  wear,  which  indicates  velocity. 


fi*.  J 


which  again  simplifies  to 


Ily  using  velocity  we  have  a  single  number 
which  can  be  set  for  different  types  of  machine, 
obviating  the  need  for  discrete  analysis  every 
time  for  every  component,  as  frequency  Is  auto¬ 
matically  taken  Into  account, 

A  further  confirmation  of  this  parameter  Is 
found,  not  just  from  an  engineer's  hand,  but 
from  average  human  feeling.  Researchers  have 
found  that  up  to  about  10  to  20  cycles  per 
second  human  feeling  Is  proportional  to  accele¬ 
ration,  and  that  above  20  cps,  It  Is  directly 
proportional  to  velocity  Including  the  thousands 
of  cycles  per  second  range.  Further,  wnen  the 
whole  range  of  feeling  vibration  Is  split  Into 
just  perceptible,  perceptible,  very  noticeable, 
unpleasant  and  very  unpleasant,  (5  limits),  It 
Is  found  that  they  are  evenly  spaced  on  a  log- 
arltlunlc  scale,  and  very  unevenly  spaced  on  a 
linear  scale.  (Fig.  5 )  Thus  human  feelings 
over  almost  the  whole  of  the  vibration  range  Is 
proportional  to  velocity,  and  logarithmic 
ampl 1 tude. 


Fig.  5  shows  the  linear  spacing  of  vibra¬ 
tion  subjective  effects  and  Fig.  6  shows  the 
logarithmic  spacing.  It  Is  obvious  from  the 
even  spacing  of  the  logarithmic  curves  that 
subjective  feeling  Is  logarithmically  pro- 
por  t lonal . 

For  all  the  above  reasons,  vibration  velo¬ 
city  In  decibels  (vdb)  has  been  chosen  for  the 
parameter  of  machinery  condition. 

It  is  known  that  some  machines  when  new  are 
Inherently  smooth  when  well  made,  and  may  vi¬ 
brate,  as  low  as  80  vdb.  This  machine  when 
worn,  may  give  110  to  120  vdb  which  represents 
a  change  of  40  vdb.  On  the  other  hand,  a  new 
diesel  or  free  piston  compressor  may  vibrate 
at  115  to  120  vdb  when  new,  yet  Is  worn  at  125 
to  135  vdb,  which  Is  only  10  vdb  increase. 

The  possible  .arlatlon  from  10  to  40  vdb 
change  between  new  and  worn  machines  precludes 
us  from  measuring  an  original  level  and  saying 
a  20  vdb  Increase  means  an  Item  Is  worn  out. 

This  also  brings  us  to  an  Important  reason 
for  having  new,  and  refurbished  equipment  to 
as  low  a  level  as  possible.  There  are  figures 
to  indicate  that  an  item  which  starts  out  at  a 
vibration  level  of  say  115  vdb  may  last  only  a 
few  hundred  hours  before  overhaul,  whereas  a 
machine  starting  at  a  level  of  say  80  to  90  vdb 
can  last  for  10,000  hours.  Vibration  can  there¬ 
fore,  not  only  tell  us  when  a  machine  Is  ready 
to  fall,  but  may  be  used  to  lengthen  Its  life 
many  times. 

Balancing  In  situ,  1b  bIbo  a  big  factor  in 
long  life  and  Is  set  by  vibration  measurements. 

It  is  also  known  that  machinery  covers, 
panels,  etc.  vibrate  at  high  levels  without 
failure,  extremely  high  Bhock  Impulses  (from 
underwater  explosions)  permanently  damage  or 
break,  even  ruggedlsed  machinery.  These  vibra¬ 
tion  levels  are  In  the  range  of  150  to  175  vdb. 

It  Is  therefore  recommended  that  a  machine  be 
prohibited  from  operating,  if  any  bearing  level 
reaches  140  vdb,  and  the  machine  may  only  be 
operated  In  a  real  emergency  (if  it  will  operate). 

Further  limitations  on  the  Parameter  of 

Vibration  Velocity  for  expressing  wear 

(or  transfer  to  air  or  water  noise) 

Vibration  means  movement.  Movement  implies 
a  displacement,  and  it  Is  assumed  that  the 
higher  the  level  measured,  the  more  vibration 
there  is. 

Even  compressing  the  scale  Into  decibels 
instead  of  linear  comparisons  shows  in  Fig.  7 
that  displacement  vibration  of  a  ship's  gear¬ 
box  has  important  peaks  In  it.  In  Fig.  7  the 
right  hand  half  is  real  and  the  left  hand  half 
is  fictitious  for  illustration.  As  stated 
above,  higher  levels  give  the  Impression  of 
"more"  vibration  so  that  diagnosis  of  a  problem 
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HUMAN  PERCEPTION  OF  VIBRATION 
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s  Gearbox  Vibration 


in  the  gearbox  from  tending  Fig.  -.ays  that  we 
shi'U*.  d  eotuentrate  on  Liu*  1  cycle  t  requency , 
take  mite  <>:  the  ID  cvcle  1  requeue v ,  .imi  ignore 
the  t  est  as  not  -•  1  gnt  :  i  cunt  . 

We  could  plot  the  satne  sen fbox  meusuro- 
inents  using  acce  1  er.it  loti ,  thinking  that  accele¬ 
ration  is  .1  complete  measure  ot  force.  i’his  is 
plotted  tor  us  In  Fig.  A .  it  can  be  seen  that, 
the  high  levels  of  vibration  are  now  at  1’ h 
kilohert.*  wi  tit  a  seciimlary  interest  at  700 
hert.' .  rite  one  ami  ten  cycle  results  are  t|ulte 
tnslgni f I  cant . 

The  tliiril  alternative  is  to  plot  velocity 
measurements,  and  this  is  shown  in  Kip,.  9. 
litis  shows  tile  highest  vibration  levels,  and 
therefore  the  problem  areas  to  be  at.  2j  kilo¬ 
hertz,  with  700  cycles  another  important  item. 
Hie  one  and  ten  cycle  effects  are  secondary, 
but  not  Insignificant. 

The  above  theorising  la  borne  out  In  prac¬ 
tice,  indicating  that  velocity  measurements 
arc  the  Important  ones,  with  acceleration  a 
secondary  Importance,  to  be  interpreted  with 
caution.  Displacement  Is  definitely  a  ter¬ 
tiary  consideration. 

It  Is  well  known  to  anyone  making  measure¬ 
ments  in  vibration  (or  noise)  that  frequency 
Is  an  essential  parameter  no  matter  what  others 
are  selected.  This  means  that  measuring  In¬ 
struments  must  respond  to  virtually  all  vibra¬ 
tory  frequencies,  and  a  second  well  known  point 
Is  that  a  single  overall  vibration  measurement 
Is  completely  Inadequate  to  describe  any  vi¬ 
bratory  effect,  except  very  crudely. 

In  order  to  bring  frequency  Into  the  an¬ 
alysis  we  must  filter  the  signal  and  spilt  the 
results  up  into  bands  of  frequency  whether 
octave  band  widths,  half,  third,  double  or 
single  cycle  bands.  The  more  splits  there  are 
the  more  defined  is  the  signal,  however,  It 
also  follows  that  two  analysis  are  more  diffi¬ 
cult  to  compare  and  more  work  to  obtain,  record, 
and  analyse,  the  more  frequency  bands  used. 

Overall  levels  can  be  compared  Immediately, 
the  higher  number  indicating  the  most  vibration 
but  they  are  useless  as  described  above. 

Octave  bands  require  eight  or  ten  measurements 
to  cover  the  frequency  range,  give  a  definite 
picture  of  frequency  characteristics,  can  be 
compared  one  machine  against  another,  and  can 
be  compared  with  any  standards  of  effects  such 
as  annoyance  or  tolerance,  wear  or  damage,  and 
even  speech  interference  as  vibration  is  Its 
source. 

The  same  advantages  can  be  claimed  for 
one  half,  third  or  tenth,  but  comparison  with 
standards  becomes  more  difficult  with  more 
splits.  There  Is  twice,  three  times,  or  ten 
times  the  work,  to  measure,  record  and  analyse, 
with  no  better,  In  fact  less  definite  results. 
For  comparison  or  standards  compliance,  the  oc¬ 
tave  band  measurements  have  all  the  advantages. 


When  there  Is  a  problem,  we  need  to  diag¬ 
nose  the  fault,  and  the  irequency  emitted  by 
the  faulty  part  can  Indicate  precisely  whether 
it  is  a  shaft,  hearing,  gearbox  or  blade  and 
even  which  It  is. 

Diagnosis  of  vibration  sources  or  iaulty 
parts  can  occasionally  be  done  by  crude  analysis 
on  such  as  a  buckled  wheel  or  even  an  out  of 
balance  wheel.  However,  when  we  come  to  gear¬ 
boxes  with  shafts,  bearings,  gearteeth  etc.  all 
revolving  at  different  speeds  at  the  same  time 
life  becomes  more  complicated.  Frequency  de¬ 
finition  is  paramount,  and  In  fact  to  suit  all 
normal  circumstances  a  frequency  bandwidth  of 
a  low  cycles,  or  a  f ew  p.  re; nt  bandwidth  at  the 
most,  is  required. 

The  above  can  bo  illustrated  by  the  ship's 
gearbox  measurements  in  Fig.  9  where  we  see 
results  mainly  from  gear  teeth.  In  this  double 
reduction  gearbox,  Lbe  secondary  meshing  fre¬ 
quency  is  700  hertz  and  its  vibration  funda¬ 
mental  together  with  harmonics  2-2,  2-3,  and 
2-4,  are  indicated  at  the  bottom  of  the  graph. 

Simularly  the  primary  meshing  frequency 
with  its  harmonics  1-2,  and  1-3  are  Indicated. 

If  these  results  are  transferred  to  full  octave 
band  and  one  third  octave  band,  the  results  are 
shown  in  Fig.  10.  Diagnosis  on  the  basis  of 
Fig.  10  shows  that  the  secondary  gear  train  is 
the  important  problem  with  the  primary  gear 
train  less  Important. 

This  diagnosis  Is  wrong.  If  we  rely  on  the 
third  octave  as  being  more  "accurate"  than  the 
full  octave,  we  go  further  and  state  that  the 
fourth  harmonic  of  the  secondary  meshing  freq¬ 
uency  is  the  important  fault.  This  also  Is 
wrong. 

In  fact,  as  can  be  seen  from  the  analysis 
in  Fig.  9,  the  peak  at  2.6KHz  is  definitely 
away  from  the  2.5KHz  fourth  harmonic  of  the 
secondary  gearing.  It  did  In  fact  turn  out  to 
be  a  ghost  frequency  on  the  primary  pinion 
impressed  as  a  continuous  error  by  the  original 
gear  cutting. 

It  can  therefore  be  seen  that  despite 
automatic  analysis  of  part  octave  bands  or 
percentage  bands,  discrete  analysis  in  bands  of 
a  few  cycles  or  one  or  two  percent  (6  at  the 
outside)  are  required  for  DIAGNOSIS.  Faulty 
diagnosis  can  easily  occur  using  anything  but 
discrete  frequency  analysis. 

If  crude  guesswork  Is  required,  a  one 
third  octave  analysis  is  better  than  octave 
analysis.  However,  a  one  third  octave  analysis 
Is  not  a  compromise  between  octave  and  discrete 
analysis.  It  is  very  hard  to  compare  with 
standards  where  the  octave  Is  not.  It  Is  three 
times  the  work  to  measure,  record  and  analyse. 

It  leads  to  faulty  diagnosis  In  anything  but 
the  most  obvious  of  cases  and  Is  no  substitute 
for  discrete  analysis. 
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Appendix  "A" 

Hellcopte-  Transmission  Vibration 


Measurements  of  the  vibration  of  the  transmission 
of  a  Hiller  Helicopter  which  were  recorded  In  displacement, 
velocity  and  acceleration  are  shown  for  comparison  purposes 
In  Figure  11,  12  and  13. 


HILLER  HELICOPTER  VIBRATION 
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Appendix  "B" 


Practical  Application  of  Vibration  Analysis 


JUSTIFICATION  '•OK  SELECT  INC  VERTICAL  DIRECTION 
OF  MEASUREMENT  ONLY 


80  sets  of  meaningful  readings  were 
selected. 

(definition  of  meaningful:  -  solid 
positions  located  close  to  main  bearings 
of  major  components  with  so  many 
readings  tak  •.  that  graphs  of  Average 
vertical,  average  athwart,  average 
longitudinal,  and  highest  V,  A,  C,  L, 

&  lowest  C,  A,  C,  L,  readings  were  all 
plotted) . 

(Definition  of  "sensitivity":  A  greater 
change  In  vibration  levels  for  the  same 
amount  of  wear.) 

Out  of  the  80  positions,  the  criteria, 
compared  with  3  sets  of  graphs  for  each 
position. 

567.  -  no  change  whether  V,  A,  or  L 

selected,  and  similar  sensitivity 
between  new,  average,  and  worn; 

287.  -  no  change  of  decision,  whether 

V,  A  or  L  selected,  but  different 
sensitivity  between  directions  of 
measurement; 

167.  -  no  difference  whether  V,  A  or  L 

selected,  but  different  character 
of  curves. 

In  the  2871  figure  above,  75".  ol  the 
most  sensitive  direction  possible,  were 
vertical.  Only  12”.  each  most  sensitive  were 
Athwart  and  Longitudinal.  This  was  true 
whether  main  shafts  were  vertical  or  horizon¬ 
tal  and  irrespective  of  whether  "vertical"  ' 
was  along  the  shaft  or  radial  to  it.  70”.  of 
the  sensitive  ones  were  radial  30”. 
longitudinal . 

In  the  1671  figure  above,  5  7”.  of  the 
most  sensitive  direction  possible  were 
vertical,  the  others  longitudinal  when  it 
was  radial  to  the  shaft.  85”,  if  the  sensi¬ 
tive  one  were  radial  15”.  longitudinal. 


567.  -  (757.  of  2871)  -  (577.  of  167.)  =  8671. 
Therefore  vertical  measurements  five  867.  most 
sensitive  results,  with  no  change  of  decision 
in  the  other  147.  of  cases. 

Therefore,  vertical  measurements  are 
almost  always  specified,  and  only  one  direc¬ 
tion  is  measured. 

The  only  case  where  radial  direction  of 
measurements  (athwart  or  longitudinal)  takes 
preference  over  the  vertical  is  where  most  of 
the  main  shafts  in  the  machine  are  vertical, 
and  most  of  the  machine  is  above  the  feet  or 
securing  lungs,  (e.g.  Sharpies  Puriiier) 

When  the  vertical  overall  measurements 
indicate  that  close  attention  (i.e.  octave 
analysis)  is  required,  then  octave  analysis 
should  be  performed  in  all  three  directions 
at  the  point  in  question.  If  time  of  measure¬ 
ment  is  still  to  be  saved  the  direction  of 
maximum  readings  may  be  chosen  to  be  exclusion 
of  the  other  two. 
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Appendix 


Urouding  ,uul  Measuring  Details 


It  I  >.  propos  <1  Mill  Hi.-  m.ti  htnery 
•■r'-t  !>r  1  .«!•*■  1 1  t  in  tin'  tallowing  m.e’ucr: 

,i.  Slur.,  tnct.my.vil.it  blocks  iti  the 

positions  rtspi  i  roil  on  the  machine 
■  "I  ’  * ■  s t  1  ng. 

1),  Select  tbc  major  bearing  positions 
to  i  lull  cate  the  condition  of  the 
machine,  babel  them  numerically. 

c.  Select  the  minor  bearing  or  other 
positions  to  indicate  local 
conditions  and  label  them 
a '.  pliabel  i  cal  1  y . 

<1.  Divide  the  sketches  with  a  wavy 
line  to  separate  parts  of  a 
composite  machine  (so  that  slightly 
different  limits  may  apply  e.g. 
ilectric  motor  and  retrig,  com¬ 
pressor  on  same  base). 

Mark  on  the  sketches,  the  criteria 
lor  sear  (.there  may  be  more  than  one,  for 
composite  machines)  In  the  form  Worn  120/125 
Vdll.  Ihls  means  at  120  VdD  Overall  Level, 
start  taking  octave  analysis,  and  also  check 
all  the  lettered  points  as  well  as  the  numbered 
points.  When  any  octave  level  reaches  125 
VdB  the  unit  is  worn  sufficiently  to  be  re¬ 
placed  Immediately. 


Compare  the  readings  obtained  on  an 
equipment  with  the  criteria  on  the  machinery 
sketch,  and  mark  on  a  new  record  sheet  the 
date  of  the  next  set  of  measurements  to  be 
taken.  For  Instance,  If  the  limits  are 
120/125  VdB  and  overall  vibration  levels 
are  at  110  VdB  then  readings  are  due  in  a 
month's  time.  If  the  maximum  overall 
reading  Is  122  VdB,  measurements  are  due 
next  week.  It  also  helps  to  enter  this 
latter  machine  on  a  "Caution"  list. 

Figure  14  shows  a  convenient  vibration 
data  analysis  form. 
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Fig.  14  Typical  Vibration  Analysis  Data  Sheet 
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SPECIFICATION  OK  SINK  VIBRATION  TEST  I.EVEKS 
USING  A  FORCE-AC'CEI.EH ATION  PRODUCT  TKCHNKjrE 


A.  K.  Witte 

Vibration  and  Acoustics  Tttst  Division, 
Snndia  Laboratories,  A lliutjt.it; f< |Ut.“,  New  Mexico 


A  technique  has  been  jtroposed  where  the  laboratory  test  levels 
are  defined  by  the  produc  t  of  input  force  and  input  acceleration.  This 
technique  offers  several  advantages  over  both  motion  and  force;  control 
when  little  is  known  about  the  field  environment.  It  can  hi;  classified 
as  a  force  technique  since  it  allows  the  test  item  to  affect  the  labora¬ 
tory  vibration  environment.  The  technique  is  a  compromise  between 
constant  acceleration  control  and  constant  force  control  and  requires 
no  knowledge  of  dynamic  characteristics  of  the  vibration  source  or 
the  phase  relationship  between  input  force  and  input  acceleration.  In¬ 
put  force  and  acceleration  are  related  to  the  test  specimen's  apparent 
weight  by  a  constant  which  is  the  control  level. 

This  paper  proposes  a  method  of  specifying  the  control  level  by 
using  an  envelope  of  the  relative  minimum  values  of  the  test  specimen 
apparent  weight  characteristics  and  the  envelope  of  accumulated  peak 
field  accelerations  experienced  by  similar  units  subjected  to  similar 
field  environments.  It  includes  a  description  of  all  mathematics  used 
to  develop  the  technique,  includes  results  obtained  from  a  mathemat¬ 
ical  model,  and  also  briefly  describes  laboratory  equipment  necessary 
for  the  use  of  the  technique. 


INTRODUCTION 

Because  of  contributions  by  Otts, 

Nuckolls,  Hunter  and  Murfin  (l-6j  several 
force  techniques  have  been  developed  for  use 
in  laboratory  vibration  testing.  These  have 
often  replaced  the  motion  tv  hniques  which 
previous  to  1963  were  used  exclusively.  The 
most  sophisticated  of  these  techniques  requires 
considerable  knowledge  of  the  dynamic  charac¬ 
teristics  of  the  field  vibration  source. 

However,  quite  often  it  is  necessary  for 
the  test  engineer  to  subject  a  specimen  to  a 
laboratory  vibration  test  when  little  is  known 
about  the  field  vibration  source  and/or  field  vi¬ 
bration  levels.  As  a  result  of  this  lack  of 


knowledge,  the  test  engineer  is  usually  forced 
to  obtain,  from  a  central  "data  bank,"  etnel- 
ojied  field  data  obtained  from  a  group  of 
dynamically  similar  specimens  subjected  to 
similar  environments.  The  resulting  environ¬ 
ment  is  generally  the  envelope  of  all  peak  ac¬ 
celerations  experienced  bv  the  group  of  field 
specimens.  The  test  engineer  often  then  sub¬ 
jects  the  test  unit  to  sinusoidal  acceleration 
inputs  whose  peak  values  are  those  specified  by 
the  enveloped  field  environment.  The  draw¬ 
backs  of  this  method  are  obvious;  the  engineer 
has  resorted  to  motion  control  techniques,  the 
dynamic  characteristics  of  tin;  test  specimen 
are  not  allowed  to  affect  the  input  vibration 
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•lioir  uso. 
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ssbirh  allows  tho  ds  mimic.-  of  tbo  lost  specimen 
lo  afl'ort  tho  s  ibral  ion  environment,  ami  knowl¬ 
edge  of  tho  ilviiaiiiir  i  hararterist  irs  of  tin;  finld 

•  ibral  ion  shiiito  is  not  required  for  its  uso.  (?] 
I'llo  lorhniqiio  allows  tho  tost  engi'ieer  lo  con¬ 
trol  tho  product  of  tho  laboratory  input  accol- 
oration  anil  input  force  at  specified  lords  It 
is  a  compromise  between  acceleration  anil 
force  control.  Both  input  force  and  input  ac¬ 
celeration  levels  vary  but  are  limited  to  finite 
values  by  the  dynamic  characteristics  of  the 
test  specimen.  This  results  in  a  laboratory 
source  impedance  being  neither  infinite  nor 
zero. 

The  purpose  of  this  paper  is  to  expand  on 
this  technique  and  to  discuss  a  method  of  spec¬ 
ifying  vibration  control  levels  which  results  in 
a  "logical  simulation"  of  field  vibration  envi¬ 
ronments  in  tlte  laboratory.  The  discussion 
will  lie  confined  to  sinusoidal  vibration  test 
methods.  Mathematically,  the  technique  can 
lie  extended  to  random;  however  present  test 
equipment  limitations  prevent  its  use. 

NOM  K  NCI.  AT  UR  K 

A.(w)  -  Peak  amplitude  of  laboratory 

sinusoidal  input  acceleration, 

in) 

.-/.(w)  =  Laboratory  input  spectral 

density,  (g“/Hz.) 

Aj.(ii  >  =  Knveioped  maximum  field 

acceleration  levels  (g) 

A  (w)  -  Peak  amplitude  of  component 

sinusoidal  response  accelera¬ 
tion,  (g) 

F.(ui)  -  Peak  amplitude  of  laboratory 

sinusoidal  input  force,  (lb) 

AM  -  Knveioped  field  acceleration 

spectral  density,  (g“/Hz) 


KM  =  Coiurol  level  of  input  vibratory 
excitation,  K.A.  ,  (lb-g) 

it 

W  M  =  Test  specimen  apparent  weight, 
IC/Aj  Ob  /g) 

W  (co)  =  Knvelope  of  minimum  values  of 
W  characteristics,  (lb/p) 

if)  =  Phase  angle,  (rad) 

ip  -  Phase  angle,  (rad) 

u  -  Circular  frequency,  (rad/sec) 

BASIC  THKORY 

Tlie  input  laboratory  acceleration  and 
force  to  a  test  specimen  (which  has  linear 
dynamic  characteristics)  will  be  defined  as 
Aj  smut  and  K:  sin  (ut  t  <f>),  respectively, 
where  Aj  and  me  peak  values  of  force  and 
acceleration. 

Consider  t he  situation  where  the  level  of  the 
frequency  dependent  product  of  peak  input 
force,  F^  (u>),  and  peak  input  acceleration, 

A j(w),  will  be  controlled  at  some  specified 
value  KM.  One  can  write  the  following  equa¬ 
tion: 

F.MA.M  =  KM  .  (1) 

The  test  specimen's  apparent  weight,  Wa(u),  is 
defined  as  the  complex  ratio 

W  M  =  F.(w)/a.m‘'‘  .  (2) 

a  l/i 

Note  that  for  this  discussion,  the  phase  angle 
of  apparent  weight  will  not  be  used. 

Using  Eqs.  (1)  and  (2),  one  can  obtain 
relationships  for  peak  acceleration  and  force 
as  functions  of  the  test  specimen  apparent 
weight: 

F.m/a.mJ  jF.MA.Mj  =  KM  |Wa<w)|  ; 

FTM  =  K(u)|w  m|  ; 
l  I  a  I 

therefore 


HM  "  Frequency  response  function, 

A  /A.,  (dimensionless) 

!■/  1 


F.M  =  K1/2(w)  W  M  1/2 
l  a 


(2) 


Apparent  Weight,  WnM,  the  complex  ratio  of  force  and  acceleration  and  is  related  to  mechanical 
impedance,  /.M,  by  W:l M  *  ZM/ju  where  j  ~  J-T  . 
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and 


[A.M/K.Mj  jV.MA.Mj 


KM 


W 


:.(w,r 


A2  (w)  =  K(u  ) 


IVW)| 


therefore 


AM 


,.  1  /  “  ,  . 
K  M 


1 


W  M 


TH 


( i) 


One  can  see  that  peak  inpul  force,  KjM, 
is  n  function  of  the  square  root  of  the  specimen 
apparent  weight,  |\V  M  [  .  It  attains  a  relative 
maximum  value  whenever  the  apparent  weight 
exhibits  a  relative  maximum  and  becomes  min¬ 
imum  whenever  the  apparent  weight  becomes 
minimum.  However,  the  peak  acceleration, 
Aj(w),  is  a  function  of  l/j W n(w){ '  / -  .  It  ex¬ 
hibits  a  relative  minimum  value  whenever  the 
apparent  weight  reaches  a  relative  maximum 
and  a  relative  maximum  at  relative  minimum 
apparent  weight  values. 

These  characteristics  appeal  to  one’s  in¬ 
tuition  since  greater  force  should  be  required 
to  drive  the  test  specimen  tit  frequencies  where 
its  apparent  weight  is  maximum,  and  accelera¬ 
tion  should  tend  to  notch  at  these  sar.e  fre¬ 
quencies.  The  reader  should  note  that  this  is  a 
compromise  between  acceleration  control  and 
force  control  techniques.  [?] 

SPECIFYING  A  CONTROL  LEVEL 

The  problem  becomes  one  of  specifying 
the  frequency  dependent  control  level,  KM. 

For  many  test  situations  only  two  pieces  of  in¬ 
formation  are  available  to  the  test  or  specifi¬ 
cations  engineer  for  determining  laboratory 
test  specifications: 

(1)  Maximum  acceleration  levels  expe¬ 
rienced  bv  dynamically  similar  test 
specimens  subjected  to  similar 
environments.  This  data  can  some¬ 
times  be  obtained  from  a  central 
"data  bank."  [li] 


(2)  The  dynamic  characteristics  of  the 
test  specimen  which  includes  appar¬ 
ent  weight  and  frequency  response 
characteristics.  This  information 
can  usually  be  obtained  from  a  pre¬ 
liminary  low  level  sinusoidal  survey. 

These  two  pieces  of  information  will  be 
useii  lo  define  the  control  level  KM.  In  defin¬ 
ing  the  lontiol  level  several  conditions  will  be 
fulfilled. 

1.  Spot  ifieo  input  ac  i  elernlioii  levels  are 
frequent  v  dependent  turves  that  en¬ 
velope  expet  ten  maximum  field  ac¬ 
celeration  levels;  therefore  labora¬ 
tory  input  act  deration  levels  should 
not  exceed  enveloped  field  levels. 

2.  Maximum  field  acceleration  levels 
occur  at  frequencies  where  the  test 
specimen  apparent  weight  character¬ 
istics  exhibit  relative  minimum 
values,  and  laboratory  input  accel¬ 
eration  levels  should  tentl  to  peak  at 
these  same  frequencies. 

1.  Minimum  field  acceleration  levels 
occur  at  frequencies  at  which  the  test 
specimen  apparent  weight  character¬ 
istics  exhibit  relative  maximum  val¬ 
ues,  and  laboratory  input  acceleration 
levels  should  tend  to  notch  at  these 
same  frequencies.  * 


Consider  defining  the  control  level,  KM,  by 
the  following  relationship: 


KM  =  W  M  A2M. 
a  f 


(a) 


v.  here 

W  M  is  the  frequence  dependent  envelope  of 

the  minimum  values  of  the  test  specimen 
apparent  weight,  |W;lM|  . 


and 

Aj.M  is  the  frequency  dependent  envelope  of 
expected  maximum  field  acceleration 
levels. 


The  validity  of  conditions  2  and  3  can  be  questioned  since  the  effect  of  the  dynamic  characteristics 
of  field  vibration  source  on  input  acceleration  levels  have  been  neglected.  However,  these  peak- 
notch  relationships  appeal  to  one’s  intuition. 
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I  i : :  i  inii.-hips  found  in  Kqs.  (.1),  (-1), 

(  >1,  .mi'  i  an  writf  tin-  follow  inn  initiations: 
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V.  UI  \ 
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In  ui 
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F  U> 
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\\  U)  \W  U'l 


A  .(w) 


(<i> 


\  Ul 


v  u>  \;:u) 
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U  M  1/J 
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\.U) 
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\S  U)/  \V_(U) 


1/2 


ArU>) 


(7) 


\n'i'  iViini  Kq.  (7)  ana  \j-  \f  whenever 
•  \\  .  Sim-t*  \V  (...■)  is  tin:  envelope  of  the 

.1  ;j 

n.lninnmi  ubsolule  v  alues  of  tin-  test  specimen 
apparent  w  eight  the  relationship  A;'  Af  will  al- 
vv  a\  s  holt!.  Thus,  one  can  effectively  limit  in¬ 
put  at  celeration  levels  to  maximum  values 
spot  ifieil  bv  the  field  envelopi:,  Af(w).  The 
relative  maximum  values  of  Aj  occur  at  fre¬ 
quencies  where  |  W . ,  |  exhibits  a  relative  mini¬ 
mum.  Relative  minimum  values  of  Aj  occur  at 
frequencies  where  exhibits  a  relative 

maximum.  The  three  initially  specified  condi¬ 
tions  have  been  satisfied. 


KXAMIT. K  CASK 


Consider  for  the  purpose  of  this  discus¬ 
sion,  the  test  specimen  shown  in  Figure  1. 

I'ite  specimen  is  complex  and  can  bo  thought  of 
as  a  combined  "lumped"  mass  and  distributed 
svstem.  The  apparent  weight  characteristics  of 
of  the  test  specimen  (shown  in  Figure  2)  reflect 
its  complexity.  The  input  vibratory  motion  and 
force  tit  the  specimen  base  are  Aj  sin  wt  and 
Fj  sin  Ud  •  <t>)  respectively.  The  response  ac¬ 
celeration  of  an  integral  component  within  the 
specimen  is  A,,  sin  (wt  *  if).  The  frequency 
response  function  H(uj)  for  this  location  is  de¬ 
fined  bv  the  complex  ratio 


ll«J) 


A  U 
r 


A.U) 

t 


(8) 


and  the  magnitude  of  its  characteristics  is 
shown  in  Figure  1. 


The  envelope  of  the  minimum  ab- 

olu'e  values  of  \V  ,(w)  is  shown  in  Figure  2. 


Note  that  the  envelope  consists  of  straight  lines 
and  does  not  have  gross  "discontinuities."  In 
making  these  envelopes,  one  should  avoid  "dis¬ 
continuities"  in  order  not  to  have  them  in  the 
control  curve.  Figure  4  shows  the  envelope  of 
anticipated  field  acceleration  levels.  Again, 
"discontinuities"  were  avoided.  The  control 
level  (the  product  of  Aj  and  Fj)  can  be  calcu¬ 
lated  using  Kq.  (5)  and  plotted  as  shown  in 
Figure  a.  It  is  a  series  of  straight  lines  with 
no  gross  "discontinuities"  and  its  level  can 
easily  be  programmed  and  controlled  in  the 
laboratory. 

At  this  point  one  can  mathematically  de¬ 
termine  the  effects  of  the  input  specification  on 
the  test  specimen.  Recall  from  Kq.  (7)  that 
the  laboratory  input  acceleration  level  Aj  can 
be  obtained  using 

A  .(uj)  = 

l 

One  can  calculate  the  frequency  dependent 
apparent  weight  ratio, 

•i(w>/|wa(w) 

and  plot  it  as  shown  in  Figure  (i.  This  ratio  is 
always  less  than  or  equal  to  unity.  The  result¬ 
ing  laboratory  input  acceleration  level  is  shown 
in  Figure  4.  Notice  that  Aj(w)<Af(w),  and  that 
Aj(w)  does  in  fact  notch  when  |waM|  exhibits 
a  relative  maximum  and  peaks  when  |Wa(iu)| 
exhibits  a  relative  minimum. 

Using  Eqs.  (7)  and  (8),  one  can  obtain  a 
relationship  for  response  acceleration  as  a 
function  of  the  enveloped  field  acceleration. 

Ar(w)  *|H(w)|^Va(u)/|Wa(w)|j1'2  Af(w)  .  (9) 

A  plot  of  response  acceleration  is  shown  in 
Figure  7.  Notice  that  the  response  accelera¬ 
tion  Aj.(u>)  has  a  tendency  to  be  "limited"  to 
some  value  since  the  apparent  weight  ratio 
tends  to  notch  at  frequencies  where  H(co)  peaks 
and  peaks  where  H(w)  notches.  However  this 
limit  level  is  a  function  of  the  systems  dynamic 
characteristics  and  the  engineer  has  no  real 
control  over  it.  One  can  see  from  this  example 
that  response  accelerations  of  resonant  compo¬ 
nents  which  make  the  apparent  weight  charac¬ 
teristics  peak  are  considerably  lower  than 
those  which  would  be  obtained  if  the  input  ac¬ 
celeration  was  controlled  at  enveloped  field 
levels. 
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Figure  !J.  Test  equipment 


The  force  required  to  drive  the  system 
can  be  obtained  using  Eq.  ((i)  and  is  shown  in 
Figure  8.  The  force  is  not  constant  but  lias  a 
tendency  to  peak  with  peaks  in  |wj  and  notch 
with  notches  in  |wa|  . 

TEST  EQUIPMENT 

The  equipment  necessary  to  implement 
this  technique  is  not  excessive.  Most  testing 
laboratories  would  have  till  equipment;  Figure 
9  shows  a  block  diagram  of  necessarv  equip¬ 
ment.  Notice  the  only  additional  equipment  re¬ 
quired  over  the  normal  oscillator,  power  am 
plifier,  shaker  system  are  two  log  converters 
and  an  operational  amplifier,  which  are  used 
for  the  multiplying  operation.  Signal  distor¬ 
tion  may  require  the  use  of  tracking  filters 
preceding  the  log  converters. 

The  output  of  each  log  converter  is  a 
d.  c.  signal  proportional  to  the  log  of  Aj(w)  or 
FjM.  The  resulting  output  of  the  operational 
amplifier  is  a  d.  c.  signal  proportional  to  the 
log  of  the  product,  Fj(u)Aj(w).  This  signal  can 
be  fed  directly  to  the  servoconti oiler  variable 
gain  stage  by  bypassing  the  rectifying  circuits. 
Level  programming  must  be  done  by  operating 
on  the  d.  c.  signal  proportional  to  log  FjMA j(u) 
before  it  enters  the  servocontroller.  Pro¬ 
gramming  may  be  done  manually  by  having  the 
operator  follow  a  plotted  curve  of  log  FiMAjM 
while  changing  gain  of  the  signal. 

PROCEDURE  FOR  SPECIFYING 
LABORATORY  TEST  LEVELS 

/•  summary  of  procedures  necessary  to 
implement  the  technique  follows: 

1.  An  initial  low-level  resonance  survey 
must  be  made  to  obtain  test  specimen 
WaM  characteristics.  Additional  in¬ 
formation,  such  as  frequency  response 
functions  HM,  can  also  be  obtained 
but  are  not  necessary  for  the  per¬ 
formance  of  the  test. 

2.  Draw  the  envelope,  WnM,  of  the  min; 
iiYium  values  of  |W  M|  . 

3.  Obtain  an  envelope,  AfM,  of  expected 
field  acceleration  levels 

4.  Calculate  the  control  level  KM  using 
Eq.  (5), 

FjlwIAjM  =  KM  =  Wa(w)  t\f  M 
and  plot  the  value  of  KM  . 


a.  I  se  this  value  of  KM  as  the  Inborn 
lory  input  control  lev  el. 

RANDOM  CONSIDERATIONS 

Theoretically  the  technique  <  tin  la;  ex¬ 
tended  to  control  random  vibration  tests.  This 
can  be  done  if  one  controls  the  product  of  rms 
input  force  and  rms  input  at  celerat  ion  for  nar¬ 
row  frequency  hands.  The  rand'in.  control 
level  K ( aj)  (  ail  be  defined  hv 

KM  -  S',  M  /,M  (Id) 

where  /,M  is  the  envelope  of  expected  maxi¬ 
mum  field  input  acceleration  spectral  density 
levels.  M afhemnticfilly  the  results  tire  similar 
to  those  experienced  in  the  sinusoidal  case, 
and  tlie  laboratory  input  acceleration  spectral 
density,  is  related  to  the  enveloped  field 
acceleration  spectral  density  by 

e/.M  =  [\Va(w)/|\V.i(aj)|J/,(^'  .  (11) 

Practically  speaking,  a  technique  lias  not 
yet  been  devised  to  shape  a  narrow  band  rms 
force  -  acceleration  product  using  presently 
available  equipment. 

CONCLUSIONS  AND  COMMENTS 

The  force- acceleration  product  technique 
lias  several  advantages  over  existing  control 
techniques  when  little  is  known  about  the 
dynamic  characteristics  of  the  field  vibration 
source. 

1.  Thu  dynamic  characteristics  of  the 
test  specimen  are  allowed  to  logically 
affect  the  vibration  environment  and 
both  FjM  and  AjM  are  dependent  on 
the  test  specimen  apparent  weight 
characteristics. 

2.  Input  acceleration  levels  are  limited 
to  maximum  values  specified  bv 
enveloped  field  data. 

3.  Response  acceleration  levels  tend  to 
be  limited  since  notches  in  input  ac¬ 
celeration  levels  occur  at  frequences 
whore  frequency  response  peaks  also 
occur. 

•1.  The  control  level  is  phase  insensitive 
since  it  is  a  product  of  peak  values  of 
the  sinusoidal  input  force  and  acceler¬ 
ation.  This  advantage  may  make  the 
technique  attractive  when  testing  with 
multiple  shakers, 
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1.  I  v  i;i)i.i  •  1  _  1 1 1  i  hit  ract  erist  it  s 

i'  •>:>•  r i •  - 1  ■  i  .  iln  itiM.i  ,-i iun  i»  and  their 
•  i  hi  'in-  \  I*.  T  ii  i.  hi  i -in  i  rum n> -ill 

a  .  :  .■■■II  i  ii.ii  >'  !. 

•.  tin.'  ii  i., i  .,|-,n  .ismiiiii'  hn.'.ir  li-sl 

!•'•>  ir..'i!  :i| >| >.i r< -tt:  wen  lit  i  liaracter- 
i  - •  1 1  - .  \  .1  tiue.ir  i  liarartei  istics 

a  i  .  t  ■  .  l.i.Hiraim-.  ni|iui  accelera- 

'  l  *  HI  |e  .  .  ■  1 In  . . I  ■  ■  1 1  \  luln'il  Ill’ll  I 

li’-.i’U.  'm  i  i 1. 1 ii^.i •  in  . 1 1 >| >. i f> -ii t  weight 
i  1 1. 1  r.u  i .’ ri M  1 1  .■■  . tv  *■  r  1 1  h is*’  list'd  to  nli- 
l  am  ilii’  ■•ii'.  i •  li i| I. •  ..I'  minimum  values 
v.ill  result  in  a  i ■  1 1 . n i i •  in  lln'  lalinra 
Ini’v  input  at  ii,|.‘ial  inn  levels  with 
respet  !  lutin'  enveloped  fii.'ltl  levels. 
(I.itnitnii.’  f  i  fin  it.  ,-i  m;n  In’  used  in  con 
mm  lion  with  tin-  tm  hnii|tn.‘  in  order  to 
instiiv  that  specified  maximum  input 
and  or  response  levels  arc  not  c:<- 
. . Il'll.  ) 

t.  \ll  of  tlio  field  input  is  assumed  to  lie 
transmitted  by  the  field  foundation 
through  the  ti.’.st  itetr  field  foundation 
interface.  It  is  doubtful  that  aerody¬ 
namic  loadim;  could  he  simulated 
using  the  technii|ue. 
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DISCUSSION 


Voice:  I  would  first  of  all  like  to  congratulate 
Mr.  Witte  on  a  most  interesting  paper  which  goes 
some  way  towards  solving  one  of  the  problems  of 
overtesting,  Instead  of  using  the  product  of  force 
anti  acceleration  as  control,  which  has  not  got  a 
physical  significance,  you  should  look  at  the  product 
of  force  and  velocity  at  the  Input  point  which  has  got 
a  physical  significance  in  terms  of  power.  I  wonder 


how  your  results  would  have  come  out  If  you  hart  used 
that  concept  instead. 

Mr.  Witte:  In  my  original  paper,  I  did  consider 
this.  One  of  the  reasons  that  we  have  gore  to  accel¬ 
eration  is  the  fact  that  it  is  measured  in  the  field 
easily  and  most  of  our  field  data  comes  back  in  terms 
of  acceleration. 
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DOME  L1TI.CTL'  or  LLUALIZATlOIi  WITH  A 
All  hLALTb  :.Y..Ti.M  o'.  A'.'  nLi.r'AT loll 


.-.  i:  .  nr  I 


In  order  to  provide  .mis*-  tit  i  on  'I  i, 

should  he  lorn-  iii  i  random  vi:  ration  u. 

article  t »-m  ha'  :.i  eu  -j;. » 1  y 1  a  .  ,  ten-::,  i 
have  hem  considered:  fir.  t  witn  in-  !•■■.;  u  •  i  j-  ;  ,  i 

S-mass  elastic  system,  and  second  witn  t !•••.!.  n- 1  I  ;•  (.•,«.•  -  I.'..;  , 
a  single  mass.  Comparisons  have  sees  male  ,.d  i  :.<•  i.  pi  :, 

responses  of  the  n,a:  oes  in  the  full  system,  and  oi  t:..  i  o:  ce  .•••.; 
of  the  spring!  in  the  full  system,  for  vuriou.  e  ;ual  h:  r.  i._n  ;  'it.*., 
under  the  two  conditions.  RIC  response:,  to  random  vi:  ration  input.. 

have  also  been  compares,  hotii  rms  acceleration;,  ot  . . .  i.o  1  rm 

forces  in  springs.  The  differences  in  noth  ma  ..  muti.ii..  md  s;  ting 
stresses  are  as  ich  as  a  factor  of  20  at  any  specific  fr  .  .uenev.  The 
differences  in  KMS  response  to  random  viLra'ion  are  facer..  ;  •  .  It 
would  seem  prudent  to  reconsider  the  desiraiiii'y  if  us  I  nr  a  i.-ad  r.ae:. 
to  equalize  a  random  vibration  setup. 


INTRODUCTION 

In  a  recent  tour  of  a  test  facility,  the 
author  was  impressed  by  the  size  and  number  of 
vibration  exciters,  and  by  the  automatic  equip¬ 
ment  for  sweep  testing  and  for  random  vibration 
testing.  The  fixtures  were  stiff  and  strong 
and  the  team  tables  were  impressively  massive. 
Bags  of  lead  shot  were  stacked  near  a  shaker, 
and  a  question  disclosed  that  the  shot  was  used 
as  a  "dead  mass"  for  equalizing  random  vibration 
setups.  In  orde'r  to  get  some  facts  about  tne 
difference  between  equalizing  with  a  dead  mass 
and  with  an  elastic  system  the  calculations 
reported  herein  were  made. 

THE  SYSTEM  AND  ITS  ANALYSIS 

In  order  to  have  a  system  for  analysis  that 
was  not  so  small  as  to  be  trivial,  and  yet  was 
not  so  large  as  to  be  too  costly  to  analyze, 
the  10-mass  system  shown  in  Fig.  1  was  devised. 
The  masses  and  springs  were  arranged  as  in  an 
exciter-fixture-test  article  system.  The 
natural  frequencies  were  then  determined  and 
found  to  be  distinct  and  fairly  well  spaced  in 
the  range  from  46  to  318  cps. 

In  a  system  such  as  this,  the  phenomena  of 
interest  are  the  motions  of  the  masses  and  the 
stresses  in  the  springs.  The  motions  (accelera¬ 
tions)  are  associated  with  malfunction  problems, 
short  circuiting,  gyro  precession,  relay  chatter, 
and  the  like.  The  spring  stresses  are  associate 
with  fatigue  damage  accumulation  and  eventual 
fracture.  In  random  vibration,  the  best  tool 


for  comparing  m-atioi...  am  :.tj Is  tne  -a.-'  oi 
transmisnii  il  it  i-’s  a.  i  function  oi  frequency. 

To  calculate  trd:iomis..i:.iiities,  tne  con.- 
;  lux  impedance  matrix  was  funnel  and  inverted 
to  get  tne  mo!  ility  matrix  for  each  oi  4  fre¬ 
quencies.  The  range  !  otweet.  successive  natural 
frequencies  was  divided  so  tn  it  there  were  three 
additional  frequencies  between  each  pair  to  give 
more  detailed  data  than  iu:  t  1  frequencies 
would  give.  In  addition,  each  eigenvalue  was 
reduced  to  insure  that  the  impedance  matrix 
would  be  non-singular;  time: 

-r2  =  so2U-<;2)  (11 

in  which 

*  *  -  eigenvalue  frem  undamped  system 

c,  =  damping  coefficient,  taken  as  t.o3 

s  =  reduced  fre quunev 
r 

The  set  of  frequencies  used  for  calculation 
are  listc-c  in  Table  1. 

The  stiffness,  h,  and  the  mass,  N,  matrices 
were  formed  in  the  usual  way,  and  the  damping 
matrix,  C,  was  calculated  as: 

:  i.  K 

C  -  I M  *  r.  M  *]  (2) 

where  the  square  roots  are  term-1 y- term.  Next 
the  complex  impedance,  Z ( I w),  was  defined  as 
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‘  .  »'  I  i*-  in  !  ;.»•  lower  frequency  range. 

■  »  i *  "  :  i !.»*,!•  •  t .  elastic  transmissibility 

1  •  1  Is.  I'i  •.*  ,  md  it  ranges  Irom  0.24 

!  •.  :  :  •*  ; .  1 1  i .*  it  !.*n  at  ma;:;  1,  t  rom  0.0‘j 

.*  :  i  »*  ,u  1 1  1 it  ion  at  mass  ‘j  ,  and  1  ram 

.  *  a ■  -ua.i/.at  ion  at  mass  t  .  from 

1  ’  ’  n  !':!•*  that,  at  any  specific  1  re  - 

.  ii ! :  1  ••tween  equalizing  with 

i  :  ■  i  :  "u  ind  wit:,  m  «•  las.  tie  system  can  well 

i  :  i  t  :  a  .  t  :  kt«*  . 


*  I  » 

“  • .  -  ■  \  \ :  i 

.  •  i : .  » 


i’.r  :  :  »*  ■  t  *.  *  .*  1  v-  *.  ,•  r  mi  ••• 

•.  •  !  :.  :  t  In  : :  : :.g  4  -  • 


i  •  x  t  i  ■  ‘  ••  :  ■  i  i.  i  i !  ’  v  :  ••  i’i  a  Li. ting  , 

i  t.  .  w  •  :.*  :  i  .sir*  1  t’  :na  *  ■  1  to 

:  r.  1  1.’,  i'  *t  i  i,  •  ,  t:.  1  •  ,  tor  t:.e  10- 

t  ••  i  i  \  i.  M:,  :  •  «'  -.a.  \  i:.gl**»  It 

.  .*•!  v**  i  *  \  r  t  *  i .  i it  i  in  at  mass  1 
. .  1  :  ••  i  :  :  :  >  ’ :  i  i  ;•  :o  i:.  1 

i.sri  •,  .  w  -st  .  or  i  fro  4uen*-ies. 

.aili/riu.  r  ••  i  .  •  i I  t  i  i ads'* 

•  a  ’  :  i'  *:.*■  w**  *  .  :  r»*  o  i**s .  iijualitta- 

•  i  ■ .  i *  '\  i  •  .  \  w»*v-  t  »  aid  not  :e  dene  for 

•  ..  ,  •••  i:.d  a:  ,  i  »  well  as 

i  t.  :  •  .w  i- M  :  o’ m .is  !  or'v  r»*  luir^l 

i*  •' »  1  *  :  r  :  .  i  q-*:*rtl  tensity  of 

;  i*  i*  ni  1,  and 

•  in  •  1  t  :  ••  \  :  1 1 1  cat  i  n  with  eld:;*  :e 

* **.a  •  ■  t  .  il  I  »*  :  n.  T:.**  .  ingi*’  mass 
:  * •  i r* •  •  #  im»*  .  greater  than  the 

I :  r :  it  .  r.  i  *  jr  .-jm:  ir»»d  ,  the  two  set? 
:  ”irv»*  .  i  I ! :  •  • :  i;;r**’ii:lv  in  the  height  and 


I r. i  1  it  i v  big.  .  4  and  are  compared, 

»:*.•  .-ini.,  !  d i  t  •  erence.;  ap|'ear  in  tile 

t:. !  .  v.c  i  >n  >•  peak.;  as  before.  The 
:  P  I  -  ••ion  t  re  juency  are  the  same  fur  .spring 
:  t  ■  i. •  :  'V  mass,  motions,  as  they  should  be. 

I’ll  I*1  **  du'W.,  the  KMS  g*s  at  mass  ’J  for  a 
. :  .  till  d» nsitv  excitation  of  lgfc/cps  for  the 
: i :  : * ■  i ■ . * r. *  vas.e;;.  The  difference  between  equal- 
-s.it  i ■-■n  with  an  elastic  system  and  a  single  mass 
i  i  :a.:t  »r  frem  0  to  »>. 

Tai  le  .hv.-wn  the  RMS  pounds  in  spring  8-9 
:  •:  i  teetiul  density  excitation  of  lg2/cps 
:  :  *  :.*•  titlerent  cases.  Again  the  difference 
.  •  tw*-en  *!»■•  two  kinds  of  evjualizat ion  is  a 
:  it  r  :  ren  .*  to  n . 


i:.  e  the  masses  and  springs  used  in  the 
ilsulition  system  are  within  the  range  of  real 
tes.t  ivstems,  it  would  seem  prudent  to  recon- 
i  ier  the  desirability  of  using  a  dead  mass  to 
equalize  a  random  vibration  setup.  The  penalty 
lor  the  dead  mass  equalization  could  well  be  a 
factor  ot  20  at  any  specific  frequency,  or  a 
factor  of  s  on  RMS  of  random  responses.  These 
Motors  are  too  large  to  risk. 
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INTRuDl't  I  ION 


Many  times  it  is  ili'Sirril  to  knmv  the  rc- 
sponsr  ut  a  slrmtlirr  at  aioustic  levels  above 
tlm  i  apalnl  it  ifs  ut  ihr  laboratory.  The  results 
nf  these  tests  van  then  he  us i‘il  tn  lustily  a  high 
level  lest  (which  can  he  cutis  ule  rahly  more  ex¬ 
pensive)  or  to  use  as  a  basis  fur  a  vibration 
lest  In  simulate  the  aioustic  environment. 

Several  authors  [1.,!,  ij  have  suggested 
the  use  ol  a  vibration  test  as  a  substitute  for  an 
aioustic  test  assuming  a  linear  system.  It  is 
well  known,  however,  that  many  real  systems 
are  not  linear.  For  example,  it  is  acknowl¬ 
edged  that  structural  damping  is  usually  a 
function  of  thi'  amplitude  [-1 ,  s.i.J. 

In  an  effort  to  study  the  linearity  of  struc¬ 
tural  systems  anti  to  use  this  information  to 
predict  the  structural  response  at  higher  acous¬ 
tic  levels,  a  procedure  was  developed  which 
does  not  assume  a  linear  structure. 


TFST  M  FT  HOD 

The  test  method  is  in  real ity  a  very  simple 
procedure  as  shown  in  Figure  l.  The  test  item 
is  subjected  to  a  broad-band  random  acoustic 
excitation  whose  amplitude  varies  monutoni- 
cally  with  time.  It  has  been  found  that  an 
exponential  rate  of  change  in  the  amplitude 
works  well.  The  spectrum  shape  should  ide¬ 
ally  be  the  same  shape  as  the  high  level  spectrum 
to  which  the  results  will  be  extrapolated.  The 
input  SP1.  (Sound  Pressure  Level)  and  the  st  rue  - 
tural  responses  are  recorded  on  a  magnetic 
tape.  The  recorded  SPL  and  structural  re¬ 
sponses  are  then  filtered  using  identical  filters, 
averaged,  converted  into  a  log  amplitude,  and 
plotted  on  an  X-Y  plotter.  The  result  is  log- 
log  plot  of  structural  response  as  a  function  of 
the  SPL  in  a  givi  n  bandwidth.  This  procedure 
is  then  repeated  for  each  bandwidth  of  interest. 
Third  octave  fillers  are  not  the  only  filter  which 


could  be  used.  They  are  typically  used  for  the 
following  reasons.  They  are:  1)  commonly 
available  in  an  acoustic  facility,  2)  of  a  rea¬ 
sonable  narrow  bandwidth  while  3)  the  total 
number  of  curves  which  must  be  plotted  for 
each  response  is  kept  to  a  manageable  number. 

It  is  acknowledged  that  an  RC  averaging 
circuit  when  used  to  measure  a  monotonically 
changing  level  will  give  a  biased  result.  For 
example,  if  the  level  is  increasing  the  RC 
average  will  always  give  a  result  which  is  be¬ 
low  the  true  value.  However  it  is  shown  in 
Appendix  A  that  for  an  exponentially  varying 
level  the  error  is  constant,  predictable,  and 
can  be  controlled  to  an  acceptable  level.  Also 
if  the  same  RC  time  constant  is  used  for  both 
the  response  and  the  input  channel  the  errors 
for  each  channel  will  be  nearly  the  same  and 
will  cancel. 


TEST  RESULTS 

This  method  has  been  used  on  a  number 
of  test  programs  and  selected  results  from 
three  programs  are  shown  in  Figures  2-6.  All 
three  test  items  were  similar  (re-entry  bodies) 
but  from  different  programs.  Figure  2  shows 
the  overall  response  (40  -  10,000  Hz)  of  5  ac¬ 
celerometers  on  the  first  test  item  mounted  on 
the  structure  and  at  internal  locations.  It  is 
seen  that  the  responses  generally  follow 
straight  lines  on  the  log-log  plot  but  not  neces¬ 
sarily  with  a  linear  slope.  Figure  3  shows  the 
set  of  curves  obtained  for  one  of  the  acceler¬ 
ometers  for  each  1/3  octave  bandwidth.  Again 
notice  that  the  curves  are  in  general  straight 
lines  on  the  log- log  plot.  This  experimental 
observation  makes  extrapolation  to  higher 
levels  a  relatively  easy  procedure.  The  ob¬ 
servation  that  the  responses  will  plot  as 
straight  lines  on  a  log-log  plot  has  been  found 
to  be  generally  true  for  the  types  of  structures 
tested.  Figure  4  shows  the  response  of  one 
accelerometer  on  a  different  structure.  Again 
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Exceptions  In  the  above  behavior  have 
been  found  but  thev  are  easily  recognized  and 
ext  rapulal  ton  van  st  ill  frequently  be  done.  Alsu 
'he  experimental  results  have  not  been  extended 
beyond  IM)  dlt  (re  .000.!  dynes  /  rn/). 

The  above  results  surest  that  nonhncar- 
1 1  les  of  tile  form  g  apn  are  common. 

AN  EXPERIMENTAL  KXAMPLK 

An  experimental  example  will  illustrate 
the  type  of  nonltnearit  les  which  can  give  results 
similar  t"  those  shown.  A  voice  coil  from  an 
elei  I  rodvnamic  speaker  was  excited  with  a 
progressive  aioustu  wave  and  tile  resulting 
.ml  displacements  were  measured.  The  re¬ 
sults  are  shown  ill  Future  7.  Notice  that  as 
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Fig.  6  -  Linearity  response 
Test  item  C 


the  amplitude  is  increased  the  peaks  and  notches 
become  less  severe  and  the  peaks  shift  down  in 
frequency.  This  is  characteristic  of  a  system 
which  becomes  more  highly  damped  for  in¬ 
creased  amplitudes.  However  if  the  damping 
was  the  only  factor  affecting  the  response, 
one  would  expect  the  amplitudes  of  the  peaks  to 
rise  at  a  rate  less  than  linear  as  the  increased 
damping  would  tend  to  decrease  the  rate  of  in¬ 
crease  in  amplitude.  However,  the  peaks  rise 
proportional  to  d  =  pi-  5  (at  400  Hz).  This  in¬ 
dicates  a  nonlinear  spring  as  well. 

If  displacement  is  plotted  as  a  function  of 
sound  pressure  (Figure  8)  for  a  number  of  fre¬ 
quencies  the  characteristic  straight  lines  again 
appear.  From  the  preceding  figure  we  can  see 
that  the  nonlinear  slopes  are  a  result  of  in¬ 
creased  damping,  and  a  nonlinear  spring  char¬ 
acteristic.  This  causes  a  smoothing  of  the 
curves,  shifts  in  the  resonant  peaks,  and  a 
nonlinear  rate  of  increase  in  amplitude. 


ONE-DEGREE  OF  FREEDOM  SYSTEM 
WITH  NONLINEAR  DAMPING 

To  further  explore  the  type  of  system 
which  will  give  responses  similar  to  the  pre¬ 
ceding  results  consider  a  one-degree  of  free¬ 
dom  system  with  the  following  characteristics. 

Assume  that  the  damping  ratio  (C)  is  a 
function  of  the  input  pressure,  but  tnat  at  any 
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Fig.  7  -  Displacement  of  a  voice  coil 
as  a  function  of  frequency 


Fig.  H  -  Displacement  of  a  voice  coil 
as  a  function  of  the  input  SPL 


pressure  the  system  transfer  function  can  he  then 

represented  by  an  equivalent  linear  function 


where  J  =  f(p). 


(i.  e  small  damping  . 
not  near  the  reso¬ 
nant  frequency) 

or  if  Q  =  constant,  then  x  will  be  a  linear 
function  of  o. 


x  oc 


U> 


at  any  frequency  near  <an. 


This  response  will  plot  as  a  straight  line 
on  a  log-log  plot  if  C  is  of  the  form 


C  « 


n 

P 


(3) 


Eq.  (2)  then  becomes 


1  -n 

x  a  p 


(4) 


(i.  e.  <o  is  near  <a 


such  that 


./a  \  ~ 


01 


Several  authors  [4,6]  indicate  that  this  form  of 
damping  is  not  unreasonable. 


Al'PI  NDIX  A 
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Ni.NAI  II  V.  Ill  I 
lit  '".Al 

I  "  A 1 1 1  h  1  i-s  t  S'|iiai!  ron 
Iyiulall  All'.,  I  lor  i  .la 


The  performance  characteristics  of  all  systems  ami  system 
components  are  functions  of  frequency.  The  determination 
of  frequency  response  curves  usual  1)'  assumes  steady-state 
conditions.  When  the  characteristics  are  determined 
under  sweep  excitation,  they  will,  in  general,  differ 
from  the  steady-state  characteristics.  This  difference 
is  known  as  the  SWI:kl>  Sl’lihL)  I.ITI.CT.  The  solution  pre¬ 
sented  here  assumes  a  linear  increase  or  decrease  in 
frequency.  This  solution  has  been  checked  experimentally 
and  does  accurately  predict  the  response  of  a  resonant 
system  to  a  linearly  swept  excitation. 


INTRODUCTION 

The  performance  characteristics 
for  all  systems  and  system  components 
are  functions  of  frequency.  The 
characteristics  determined  from  swept 
excitation  will,  in  general,  differ 
from  steady  state  characteristics. 

This  difference  is  known  as  the  SKI: r. I’ 
SPI-nn  FFFFCT,  which  like  all  other 
effects  may  he  advantageous  or  detri¬ 
mental.  The  effect  occurs  in  systems 
of  all  kinds;  electrical,  mechanical, 
acoustical,  or  any  other  system  which 
exhibits  an  underdamped  resonance  and 
an  excitation  for  which  the  frequency 
is  time  dependent. 

The  solution  to  the  response  equa¬ 
tion  for  a  second  order  single-degrce- 
of- freedom  to  a  sinusoidal  forcing 
function  is  widely  known  and  the  re¬ 
sponse  at  any  frequency  can  be  found. 

If  this  response  is  plotted  versus 
frequency,  a  curve,  similar  to  curve 
(a)  in  Figure  one,  will  lie  produced. 
This  is  the  steady  state  response 
curve.  The  determination  of  such  fre¬ 
quency  response  curve,  experimental ly , 
can  only  be  done  bv  dwelling  at  eadi 
test  frequency  an  indefinite  length  of 
time  until  all  transient  responses  have 
decayed  to  negligible  levels.  In 
practice,  such  a  procedure  is  often 
either  impossible  or  undesirable,  and 
the  test  frequency  is  varied  with  time. 


The  rate  of  change  of  signal  frequency 
with  time  is  known  as  the  sweep  speed, 
angular  acceleration,  or  frequency 
velocity,  and  represents  the  general 
case  of  a  system  under  frequency 
modulated  excitation.  A  curve, 
such  as  curve  (a)  in  figure  qne ,  can 
be  reproduced  using  a  sweep  frequency 
test  if  the  frequency  velocity  is 
very  low.  As  the  frequency  velocity 
increases  the  first  deviation  from 
the  steady  state  is  a  decrease  in  the 
amplitude  at  resonance  and  an  apparent 
shift  at  the  resonant  frequency  in 
the  direction  of  the  sweep.  The 
system  requires  a  certain  amount  of 
time  for  the  response  to  reach  its 
steady  state  level.  If  the  time  spent 
at  each  frequency  during  the  sweep  is 
too  short,  a  lower  peak  is  to  be  ex¬ 
pected.  On  further  increase  in 
frequency  velocity,  a  second  phenome¬ 
non  occurs.  Additional  amplitude  peaks 
appear  where  there  arc  no  resonances. 

In  Figure  one  three  curves  are  shown; 

(a  I  is  the  extremely  slow  sweep 
curve,  (hi  shows  the  decrease  of 
amplitude  and  the  change  of  resonance 
with  a  low  frequency  velocity,  and 
(e)  shows  the  additional  peaks  at  a 
higher  frequency  velocity. 

If  system  properties  are  deter¬ 
mined  at  sweep  speeds  other  than  those 
which  will  excite  the  system  in  use, 
erroneous  "properties"  or  calibration 
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curves"  will  result  from  the  frequency 
response  test.  Thus  "quick"  vibration 
tests  may  reveal  resonances  much 
higher  than  intended  operating  frequen¬ 
cy  with  peaks  which  appear  acceptably 
low.  Steady  state  operation  can  then 
result  in  system  destruction.  However, 
sweep  speed  of  high  value  can  he  used 
to  avoid  the  effects  of  serious  reso¬ 
nances  through  which  one  must  pass  to 
reach  operational  conditions.  This 
procedure  is  common  practice  in  rota¬ 
tion  machinery  such  as  turbines,  where 
the  effects  of  several  critical  speeds 
can  be  minimized  by  accelerating 
through  them  fast  enough.  The  sever¬ 
ity  of  the  sweep  speed  effect  depends 
on  system  undamped  natural  frequency, 
the  damping  ratio  at  that  frequency, 
and  the  frequency  velocity  of  the 
exc i t at  ion . 

I’ast  theoretical  studies  attempt¬ 
ing  closed  form  mathematical  solutions 
include  l.ewis  14),  Dimentberg  (.3),  and 
llronin  (.2).  l.ewis  presents  a  graphi¬ 
cal  and  nomograph i ca 1  solution  to  the 


problem;  furthermore,  the  input  data 
required  for  use  of  the  solution  are 
not  readily  available  from  the  normal 
formulation  of  any  real,  physical 
problem.  Dimentberg  formed  his  solu¬ 
tion  with  the  use  of  Fresnel  Integrals 
for  which  tables  with  complex  arguments 
are  not  readily  available.  This  fact, 
added  to  the  complexity  of  the  solu¬ 
tion,  makes  it  very  difficult  to  use. 
Cronin's  solution  uses  Hrror  Functions 
and,  though  complicated,  is  usable. 

The  solution  proposed  in  this  study  is 
based  on  the  Auxiliary  Function  of  the 
hrror  Function  and  has  many  advantages 
over  past  solutions.  It  is  simple, 
it  fits  the  standard  vibration  solu¬ 
tion  format,  and  the  functions 
involved  are  readily  accessible  in 
tabulated  form.  The  solution  is  in  the 
form  of  a  steady  state  FM  response  for 
which  digital  computer  program  was 
written,  and  a  transient  FM  response 
which  in  most  cases  has  died  out  by 
the  time  the  system  passes  through  its 
f i rst  resonance . 
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The  response. of  a  linear  single- 
degree  -of-  freedom  system  to  a  forcing 
function  is  given  by  the  following 
equation : 

=  (l) 

where  x  is  the  response,  l(tj  is  the 
forcing  function,  t  is  time,  h  is  the 
damping  ratio,  and  wn  is  the  undamped 
resonant  frequency  in  radians  per 
second.  The  forcing  function  for  a 
linearly  changing  frequency  is: 

PS in(w<;t  ±  V*2;  (O 

where  P  is  an  amplitude  constant,  w0  is 
the  starting  frequency  and  v  is  the 
frequency  velocity  in  radians/second/ 
second.  The  response  of  a  system 
to  a  linearly  increasing  frequency  is 
given  by  the  equation: 

-JJx  +  Z  h  uJ„  Afe  +  w*2  X  = 


p  5  i  n  C  vlc/c  v  t* )  C3i 


The  particular  solution  to  this  equa¬ 
tion  is  shown  in  equation  (4) 


"  "Tj  Sws^V'tl+w/„e  +©,J  +  TFfA| 

(4  ) 

T,  =  zjfu-t,*)  (A  *3) 

(5) 

0,  =  f  4 

(« 

A  ~  'fie.  C  Wf  2,1  +  WU^J 

(7) 

B  -  +  W(£a.)3 

C«J 

2  -  A  *  \j-%-  C  r  q  Z/-/7*1-  V  h) 
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the  auxiliary  function  of  the  error 
function.  In  the  equations  above,  the 
symbol  Q  is  the  non - d i mens i onal i zed 
sweep  parameter  given  by: 

cVii 

Q  =  j  v 


The  transient  IM  response  contains 
only  three  tine  dependent  functions 
which  are  the  sine  and  cosine  of  the 
damped  resonant  fiequcncy  and  the 
exponental  decay  function.  The  trail 
si  cut  IM  response  (TPM I  is  given  by: 


_  \  hu  '-All,  t/  hOj!L 

TFM,  -  i  e  le  *■  s 

+  €  C  l>s  Wo 

02) 

M/, q  —  ^  o  ^  *  A  ** 

f/ij 

Oh) 

-  r  *■  i  0.  L  <■  ~  ^  J 

65; 

and  ro  is  the  ratio  of  the  starting 
frequency  to  the  resonant  frequency. 
Since  the  decay  factor  multiplies  the 
entire  function,  this  part  of  the 
response  will  die  out  soon  after  the 
application  of  the  forcing  function. 

The  transient  PM  response  can  usually 
be  neglected.  However,  there  could  be 
cases  where  frequency  velocity  is  high 
enough  for  this  portion  of  the  response 
to  become  important.  Sweep  rates  of 
this  magnitude  are  generally  only 
possible  in  electrical  systems.  The 
response  of  a  system  to  a  linear  sweep 
down  in  frequency  is  given  by: 

fk  *  U“l  *  ~  P  *J>'i  C  e -v  tl)  (ib) 

The  particular  solution  to  this  equa¬ 
tion  is  : 


X. 

Xo 


Tl  b , n  (w>  t  -vc1  4- )  +  tfm l 


Ov 


where 


_l  ,/i za  c  czutf 
z  V  5  c  /  \) 


(it) 


IVhere  X0  is  the  static  response,  r  is 
the  instantaneous  Frequency  divided  by 
the  resonant  frequency,  and  W(z)  is 
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both  theoretically  and  experimentally. 

10  reproduce  the  steady  state  curve 

i  -  t  /c  i  with  a  swept  excitation  requires  that 

/  ~'L  7/>/i  i '  V  one  specifies  the  tolerance  expected. 

With  a  swept  excitation  there  will 
he  some  depression  of  the  amplitude  at 
■  (  the  damped  resonance, 

l”  '  -1  I  j 

11  i  b  1  i  ography 

b  ‘  [  w'(c'j)  h  (,>t)  I.  Ahramowitr.  and  Stegun,  I. A.: 

"Handbook  of  Mathematical  functions,” 
Hover  Hub  1 icat ions ,  Inc.,  New  York 

. - -  .  U905). 

-c:  J  z  *Ah)  (2  2) 

2.  Cronin,  Donald  L.:  "Response  of 
I. inear,  Viscous  Damped  Systems  to 

T  _  Excitation  Having  Time-varying  Fre- 

-  -  d  /c  (  >-  //  -  h  L  k)  quency,"  Report  for  NASA  and  NSF  in 

partial  fulfillment  of  requirements 
for  the  degree  of  Doctor  of  Philosophy. 

uni  the  transient  IM  response  is:  3.  Dinuntbcrg,  F.M.:  "Flexural  Vibra¬ 

tions  of  Rotating  Shafts,"  Butterwortl\ 
_  i  7r6‘*  -u.'n"fr  London  (1961),  Chapter  3. 

T  r  M  ,  -  2  x(/  -f,1)  C  |_£f  Cob  ( r  (J,  )  - 

4.  Lewis,  F.M. :  "Vibrations  during 

, _ ,  Acceleration  Through  a  Critical  Speed," 

l[Qh(r-  //-h1-  Transactions  of  the  ASM11 ,  Vol  54  (1932), 

~e  CuSC^o  rp  15  3-161. 

Ihe  steady  state  I'M  response  was  pro-  5.  Stein,  P.K,  "Measurement  Engineer- 

g rammed  into  a  digital  computer  to  ing,"  5th  Edition  (1969),  Imperial 

predict  the  amplitude  of  a  system  given  I.ithl.,  Phoenix,  Ariz. 

the  values  of  the  damping  ratio,  the 
sweep  factor,  and  the  ratio  o(  the 
instantaneous  frequency  divided  by  the 
undamped  resonant  frequency.  The 
values  given  by  the  computer  were  then 
verified  by  comparing  them  with  the 
values  obtained  experimentally.  Two 
experimental  systems  were  used  to  check 
the  theoretical  values.  One  was  an 
electrical  resonant  circuit  and  the 
other  was  a  gal  variometer.  Both  systems 
can  be  modeled  by  the  response  equation 
and  both  have  easily  adjustable  damp¬ 
ing.  Values  were  checked  in  the  damp¬ 
ing  range  of  9.007  to  0.3  at  sweep 
factors  of  100  to  1U,000.  Good  agree¬ 
ment  was  found  in  all  points  compared. 

I'h  i  s  solution,  not  only  fits  a 
standard  vibration  solution  format, 
but  is  also  simple  enough  to  use.  The 
transient  FM  response  was  neglected 
when  the  computer  program  was  written 
and  did  not  cause  the  data  taken  to 
deviate  more  than  the  tolerances  on  the 
experimental  apparatus.  It  was  found 
that  the  first  additional  peak  began 
to  appear  when 
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"he  oyebar  chain  suspension  bridge  o.'er  the  Ohio  :-lvcr  at  ,'t.  Marys, 
West  Virginia  is  almost  identical  to  the  bridge  at  •  ji.at  ilensant, 

West  Virginia  which  collapsed  suddenly  in  December ,  1/7  witn  a  tragic 
loss  of  46  lives.  Following  this  failure,  it  was  'Jcerne  i  advisable 
to  make  a  study  of  the  dynamic  stress  amplifications  and  vibration 
responses  of  the  fit.  Marys  bridge  to  provide  further  insight  ii.to 
the  possible  causes  of  the  Point  Pleasant  bridge  failure  if  any 
unusual  behavior  were  observed.  A  cooperative  field  study  of  tie- 
dynamic  behavior  of  the  ft.  Marys  bridge  was  immediately  undertaken 
by  the  Federal  Highway  Administration  and  the  West  Virginia  iitate 
Road  Commiss i on . 

Dynamic  responses  of  the  bridge  were  induced  in  two  ways.  The  bridge 
was  first  excited  by  the  use  of  an  improvised  harmonic  vibration 
generator  (located  on  the  riverbai.k  beneath  the  structure)  which 
exerted  a  direct  vertical  cyclic  pull  on  the  underside  of  the  mid- 
spar.  point  of  one  of  the  end  spans  through  a  steel  wire  rope. 

Resonant  vibrations  were  induced  in  the  structure  :r.  the  first  four 
normal  modes.  The  measured  frequencies  and  the  corresponding  mode 
siiapcs  compared  favorably  with  predicted  values. 

A  second  type  of  bridge  excitation  was  provided  by  the  passage  of  a 
three-axle  truck  weighing  44,307  pounds  crossing  the  bridge  at  low 
speeds.  Strain,  displacement  and  acceleration  transducers  were 
installed  on  the  bridge  at  critical  points  suggested  by  local  failures 
noted  in  the  Point  Pleasant  bridge  wreckage.  Mean  live  load  stress 
levels  determined  at  various  points  tliroughout  the  bridge  during  the 
vehicle  passage  were  not  excessive.  Vibrations  induced  by  the  vehicle 
passage  were  generally  of  much  higher  frequency  than  induced  by  the 
vibration  generators  and  represented  various  modes  of  individual 
structural  member  vibrations 


niTRODHCTICK 

Following  the  failure  of  the  eyebar 
chain  suspension  bridge  over  the  Ohio  P.iver 
at  Point  Pleasant,  West  Virginia  in 
December,  196? ,  with  a  loss  of  46  lives,  it 
was  deemed  advisable  to  make  a  study  of  the 
iyr.amic  stress  amplifications  and  vibration 
responses  of  a  similar  eyebar  chain  suspension 
bridge  which  carries  Alternate  U.  d.  Route  51 
over  the  Ohio  River  at  ft.  Marys,  West  Virginia 
(Fig.  1). 

The  .it.  Marys  bridge  is  located  90  miles 
upstream,  from  the  site  of  the  Point  Pleasant 
bridge  and  is  part  of  the  '.vest  Virginia  Htate 
Highway  System.  A  full-scale  model  is  thus 
available  for  a  variety  of  tests  which  may 


shed  additional  light  on  the  cause  of  the 
Point  Pleasant  bridge  failure  if  any  unusual 
behavior  is  observed. 

With  the  concurrence  of  the  West  Virginia 
State  F.oa.i  Commission,  the  Federal  Highway 
Administration 's  Structures  and  Applied 
Mechanics  Division  promptly  initiated  a 
research  program  to  instrument  the  bridge  and 
conduct  a  study  of  the  static  and  dynamic 
responses  to  various  live  loa.lii.gs.  This 
group  and  the  West  Virginia  .,'tate  Road 
Commission  cooperated  in  the  endeavor  with  the 
latter  organization  providing  on-site  logistic 
support  for  the  conduct  of  the  experimental 
study1  by  the  Federal  Highway  A  b.  ini  strati  or. . 

The  dual  objectives  of  the  test  program 
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I  i  ffer-ii.ee  in  the  sites.  The  ft.  Garys  bridge 
consists  of  a  two-lane  27-foot  truss-stiffened 
roadway  suspended  fro::,  two  parallel  steel 
•  ■yebar  chains  space!  at  _V "  'enters.  i'iic 
"yebar  chains  are  anchored  at  each  bank  of  the 
oiiio  Kivcr  an  l  pass  over  two  intermediate 
pier  towers,  file  center  span  is  7.'  feet  long, 
an  i  the  two  anchor  spans  are  "neb.  V-  feet 
long.  .'diort  approach  spans  connect  to  the 
bri  !g"  at  -\nch  end.  much  eyebar  chain  consists 
of  closely  spaced  parallel  pairs  of  eyebars 
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file  suspension  chains  for:-,  the  upper 
chor  is  of  the  stiffening  trusses  in  those 
panels  where  the  and  the  truss  upper 

chord  are  coot l.guovs  in  the  •■:.!  spans  an! 


Oi-i.t  -r  span.  i’ae  st  i ffeni n(,  truss  :::er.burs 
.laerv: i ::e  eoi.sist  of  steel  built  up  sections. 
Where  the  stiffening  truss  and  the  eyebar 
cnain  are  not  contiguous,  vertical  steel 
ringers  connect  the  trusses  to  the  eyebar 
chains  at  each  panel  point,  lunch  chain  passes 
over  vertical  end  posts  at  each  end  of  the 
structure  which  deflect  the  chains  downward 
to  tiu:  anchorages .  The  existing  bridge  road¬ 
way  is  a  replacement  of  the  original  floor 
syst--::.  and  is  composed  of  a  network  of  string¬ 
ers  :u.J  floor  beams  supporting  a  3- inch  deep 
concrete-filled  Steel  grid  deck. 

CiWIK’IVSHTATIOn 

iiie  dynamic  responses  were  monitored 
through  the  use  of  strain  gages,  deflectometers, 
and  vertical  and  horizontal  accelerometers, 
.’train  gag.es  on  the  vertical  faces  of 
upper  chord  members  in  the  center  span  were 
oriented  along  the  longitudinal  axis  of  each 
member.  These  gages  were  located  midway 
between  truss  panel  points  at  approximately 
the  1/4-,  3/''-,  l/2-,  5 /'!->  and  3  A -points 
of  the  center  span  and  served  as  the  primary 
indicators  of  mode  shape  in  the  center  span. 
Gages  at  the  3/"->  l/2- ,  and  5/"-points  were 
located  on  eyebars  and  the  remaining  two  on 
truss  channel  webs. 

The  responses  measured  through  other 
strain  gages  located  on  bridge  members  for 
the  purpose  of  determining  live  load  strain 
responses  and  higher  frequency  localized 
vibrations  are  the  subject  of  a  separate 
report . 

iiie  deflectometers  used  for  this  study 
each  consist  of  a  metal  cantilever  beam  with 
gages  mounted  near  one  end  which  is  rigidly 
attached  to  the  structure.  The  free  end  is 
tliei  deflected  an  amount  greater  than  the 
expected  live  load  deflection  and  held  in 
this  position  by  a  fine  steel  cable  anchored 
in  the  ground  beneath  the  bridge.  The  live 
load  deflection  of  the  structure  decreases 
the  initial  deflection  and  the  resultant 
change  in  strain  registered  at  the  fixed  end 
of  the  gage  can  be  translated  to  displacement 
through  a  factor  established  by  previous 
laboratory  calibrations.  Vertical  deflecto¬ 
meters  were  located  near  midspan  of  each  of 
the  end  spans. 

Only  four  accelerometers  were  available 
for  the  field  study.  Two  i  0.25  g  horizontal 
accelerometers  were  attached  to  lower  chord 
members  of  the  downstream  truss  near  midspan 
of  the  center  span  and  of  the  Ohio  end  span. 

Two  *  l.Og  vertical  accelerometers  we re 
moved  from  point  to  point  in  the  center  spar, 
and  the  Ohio  end  spar,  during  various' phases 
of  the  testing  to  determine  mode  shapes  of 
the  response. 
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All  the  tr.aasd  rears  describe  l  -may-  w • 
of  the  variable  resistance  type  and  were 
wired  as  Wheatstone  Bridge  circuits  with 
external  bridge  completion  resistors  provide; 
when  necessary.  Four-con  1  ,ctor  gmua-ie  I- 
shicl'l  cable  in  lengths  up  to  12>'  feet  war 
used  to  connect  the  transl  ic-  rs  t  t,  n  ■  ■  r, iif  .nl 
conditioning  equipment  in  t.'m  Fe  i-  i— .1  highway 
admin  i strut  ion  research  instr  re  nt  van  wh ic;. 

.had  been  located  bej.eatii  tn--  n’o  nr  1  . 
digital  conditioning,  re-.pli  fie-  lio-  ,  r-ri  ! 
balancing,  calibration  an  i  att>  fiat ' -m  f  ,r  ;.- 
tr.ansduce'r  circuits  Were  pro"!  !•  i  r in;:;.- 
ment.nt  ion  in  tile  van.  iiia-ct-i-e.a  i 
osc  illograpii  itilizi.ng  light-boar,  galv-no-  -t 
was  used  to  monitor  resoi.njices  ai.  i  t,n  r  c.*ri 
the  amplified  ti'ttnsd  .eer  response  signals. 

BRIDGE  EXCIT/iTI  .’II  AIID  i.OAi.'IIi 0  ilii  i  Jit  t 

The  first  objective  of  the  test  prog ran 
called  for  a  harmonic  forced  vibration  input. 
Inertial  force  generators  were  not  feasible 
for  this  purpose  due  to  the  low  .natural 
frequencies  required.  A  method  of  pro'.  jl’i.g 
an  adequate  low  frequency  harroi.ic  oner.;/ 
input  to  the  bridge  with  precise  Pros  lency 
control  had  to  bo  devised.  The  calculations 
made  in  the  process  of  devising  such  a 
vibration  generator  are  included  in  .append i 
It  was  decided  to  utilize  n  direct  cyclic  pull 
on  the  underside  of  the  Ohio  end  spa:,  of  the 
bridge  which  was  over  try  ground .  Two  alterna¬ 
tive  devices  were  provided  for  exerting  too 
cyclic  low-frequency  pull  on  the  underside  ol’ 
the  bridge.  In  one,  the  drive  axle  torqu- 
of  the  bridge  research  test  vehicle  was 
exploited  to  obtain  n  pulsating  cyclic  force 
at  frequencies  as  low  as  20  cycles  per  minute. 
The  vehicle  was  positioned  beneath  the  mid- 
span  section  of  the  endspan,  the  left  side 
of  the  drive  axle  jacked  up  and  the  wheels 
removed.  A  steel  fixture  designed  to 
translate  the  rotating  motion  of  the  truer, 
drive  axle  into  a  variable  e-inch  to  lit -inch 
double  amplitude  vertical  stroke  throes!  :• 
link  and  pin  assembly  was  then  attache i  to 
the  hub  of  the  drive  axle  (Fig.  '1. 

The  reciprocating  vertical  force  thus 
generated  by  tile  rotation  of  the  drive  -exl-- 
was  then  transmitted  to  the  bridge  in  tile 
following  connection  sequence:  first  tiiro  .gk  a 
22-turn  loop  of  ;>/•'- inch  diameter  sheer,  cord 
to  provide  elasticity  in  the  connection:  then 
through  a  3A-inch  mnnlla  triple  tackle  to 
permit  releasing  the  connection:  finally 
through  a  '}/'•-  inch  wire  rope  ccmnocte  i  to  •c; 
eye  bolt  bracket  clamped  to  the  bottom  flare-.- 
of  the  bridge  floor  beam  at  the  load  point. 

Tiiis  system  was  capable  of  applying  over 
i  fin  pounds  of  static  pull  on  t.ue  bridge 
through  the  reaction  of  the  vehicle.  The 
resultant  amplitude  of  bridge  • otion  is 
calculate, 1  to  lie  a  small  fraction  of  the 
available  vertical  stsu'.e  for  tins  level  of 
input,  force  even  assuming  the  stretch  !u  tine 
wire  rope  and  in  the  triple  tackle  ass- ■  i  ly 
to  bo  small.  The  shock,  cord  loco  was  locr-.w  i 
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.•tra er ,  a:.  I  t'ro::.  this  the 
apa:.  i-l'l'Vt i-'t-»i—  ir.e.i,  'aiiirthis 
:  r  '-.t,!'.'  .  ■  ax'. :vf.  !e!‘leCt  i  j:.  x:.pl:tuilo 

spa:,  waa  :'ox.  1  te  J:  that 
•'  .•■■:.t  -r  'pa:. . 

t:.e  rec i proeat i:.(; 


tr.e  tr .  v.  tiav'i  tai'.e-:fl’  ::.  l!cato.i 
'...■■t  a  •'.••v;  .■  (  ionble  xr.pl  it- a  lc)  of 

•  :  •  ■  Lba.  ..’a..'  applie  l  to  tile-  brlJtfj 

!  .r::..-  a  r 

,:.t -a;.-.-."  trie  respa.sec  of  t:.e  brii'e 
1  •  -a  :  •.•tiv:.  4,  X.  I  T.CcpcleS 

:  r  •  .t  -..•••re  :  ■■y.t  ’’eta :.•■  i  rar.c  .. 

•  .!■  -  a:  1  -  ii .  !:.  r::.  the 

•  ,-pL . t  til  -  1  -po i :.t  of  the  ee:.t-:r 

•p--:.  :  rival  :Y t::e  reapa:.ae  ot‘  a 

•••  y. !  -..ee  -Ler  -.eter  ••-:.  i  v.-aa  ciieche  i  wit:. 

'.  .  .••.  ra':  ••••'.:  .r-  i  a:,  .pper  eiior  1  -i.er.ber 


was  i'oua.i  to  be  about  O.p  that  of  the  center 
spin,  displacement. 

Ii.  nu.s  2,  ,  h  and  5  there  appeared  to  be 

a  tendency  for  the  natural  frequency  to  decrease 
and  the  logarithmic  decrement  to  increase  in 
tlie  afternoon  runs  as  compared  with  the 
i-.orn i v.i?  runs.  This  could  be  a  temperature 
effect . 

A  second  symmetric  mode  witli  natural 
frequencies  between  73.0  and  74.2  cycles  per 
minute  was  obtained  in  runs  7,  9  and  10. 

lot'.ari tlv.ic  decrements  of  around  0.04  were 
observed  in  the  three  runs  in  which  the 
pump  motor  provided  the  excitation.  Run  8  in 
which  the  drive  axle  of  the  truck  provided 
tile  excitation  indicated  a  logarithmic  decre¬ 
ment  of  .i>7. 

A  series  of  records  was  made  during  forced 
vibration  at  a  frequency  of  72, h  cycles  per 
minute  while  a  vertical  accelerometer  was 
placed  successively  at  eacli  center  span  panel 
poii  t  between  midspan  and  the  Ohio  tower, 
i'he  resulting  responses  have  been  normalized 
to  the  relative  response  of  the  deflection 
gape  in  the  end  span  and  are  shown  in  Fig.  5. 

Waon  an  attempt  was  made  to  excite 
torsional  modes  in  the  bridge  with  the  truck 
drive  takeoff,  a  single  amplitude  motion  of 
about  O.Xi  inch  in  the  end  span  was  observed 
at  frequencies  of  47.7  and  49.0  cycles  per 
minute  on  the  two  deflection  gages  on  opposite 
sides  of  the  bridge.  In  addition,  the  data 
indicated  the  presence  of  a  beat  frequency  of 
around  4  cycles  per  minute.  An  attempt  to 
excite  torsional  vibration  with  the  pump  drive 
resulted  in  a  46.7  cycle  per  minute  response 
of  the  bridge  with  heavy  beating.  Vertical 
accelerometers  at  the  l/4-point  in  the  center 
span  indicated  the  torsional  response  at  that 
point  to  be  out  of  phase  with  the  torsional 
response  of  the  mid-point  of  the  Ohio  end 
span.  Other  than  these  responses,  no  signi¬ 
ficant  torsional  bridge  motions  were  noted. 

TEAT  VEHICLE  CR033BIGA 

Crossings  of  the  bridge  with  a  heavy 
vehicle  in  the  absenc"  of  other  traffic  were 
made  in  order  to  obtain  the  responses  of 
selected  critical  elements  of  the  structure 
under  sucii  loading.  These  responses  are  the 
subject  of  a  separate  report. 

DlCCi'I'HIOil  OF  RESULTS 

The  mode  shapes  and  frequencies  of  the 
vertical  vibrations  observed  during  the 
vibration  generator  tests  have  been  presented 
u.  Table  1.  The  calculated  natural  frequencies 
and  mode  shapes  of  the  first  four  vertical 
mo  loo  arc  given  in  Appendix  A. 

The  calculated  value  of  the  first 
symmetrical  natural  frequency  of  30.5  cycles 
nor  minite  is  in  reasonably  good  agreement 


102 


with  the*  experimentally  determined  value  :>L‘ 
j'i.'j  cycles  per  minute.  ,i  imilarly ,  good 
agreement  between  the  calculate!  ami  observe! 
’noile  shape  was  obtained.  The  ratio  of  the 
calculated  value  of  ’’he  natural  frequency  of 
the  first  asymmetric  mode  of  V  .  cycles  per 
r.iimte  to  the  natural  I'reiienci-s  i.-term i 
in  r  it. s  2,  J|,  ami  <  (VabU-  I)  is  aba  it 

the  same  as  the  ratio  of  calculate!  to  :-:p  r' - 
mentally  loterrai red  values  of  th--  lam-nta  1 
symmetric  natural  frequency .  ire  c--  Lcul-L  •  : 
first  asymmetric  .-ode  snap*:  differ/!  signi- 
ficantly  fro::,  that  observed,  nov/ever. 
mode  shape  obtained  fro:-,  run  •'  was  rat.vr  1  i r. 
that  of  the  second  calculated  asymmetric 
mode,  inasmuch  as  no  other  asymmetric  modes 
were  obtained  fro::.  Uie  test  pro: ’ram,  it  "s 
conceivable  that  the  .mode  of  run  >  and  that  of 
runs  2,  3,  4  and  5  ::.ay  be  two  separate  nat  iral 
.■nodes  of  tlic  structure. 

The  ratio  of  the  calculated  second 
symmetric  natural  frequency  of  69.0  cycles  per 
minute  to  the  measured  values  obtained  in  runs 
7,  9  and  10  fits  into  the  patterr.  of  the 

similar  ratios  in  the  fundamental  symme-tr i e 
and  asymmetric  modes,  idle  calculated  and 
measured  mode  shapes  are  in  good  agreement . 

If  the  combined  effects  of  (1)  the 
d  i  f ference  between  the  resonant  fre  :uer.cy  of 
the  bridge  and  the  frequency  of  excitation, 

(2)  the  drift  in  the  excitation  frequency, 
and  (?)  the  non -harmonic  co-pcnento  of  the 
forcing  function  are  assured  to  make  the 
bridge  behave  as  an  equivalent  viscous 
dumped  ideal  single  degree  of  freedom  system 
with  a  sinusoidal  forcing  function  operating 
at  95  percent  of  the  ftmdaii.er.tal  resonant 
frequency,  then  the  measured  C39h'-pourJ 
input  force  corresponds  to  a  C.155  Horsepower 
input.  Using  the  theoretical  value  of  the 
deflection  of  the  end  span  (assumed  as  simply 
supported)  under  a  concentrated  load  at  mid- 
spar.  of  1000  lb.  =  0.022  inch  (from  .-.ppend ; 

B)  and  the  theoretical  fundamental  natural 
frequency  =  30.5  cycles  per  .minute  (from 
Appendix  A)  and  assuming  8  -  .15,  tno 

maximum  end  spar,  d  i  splaceii.ei.t  would  be: 
y  =  (0.4)(1.1)  -^/  o .155  =  .173  ’nch  single 

amplitude,  jsir.g  the  experimentally  determine  i 
values  of  natural  frequency  =  33-5  cycles  per 
minute,  deflection  of  end  spar,  under  :■  concen¬ 
trated  load  of  1C'-  lb.  at  mid-span  (ortr-'.po lu¬ 
ted  from  truck  crawl  rur.  data)  =  0.'  155  inch, 
S=  -1  .  then  y  =  5.173  p^WJtV  .MfTj  =  !•  '. 

v  . 022  ^  '•.,/  vlT' 

inch,  single  amplitude. 

tr.  tills  particular  cas-.  the  ai f ferei.ces 
between  the  assumed  values  and  experimentally 
ioters.i«.';d  values  tor.J  to  somewhat  offset  ore 
another . 

The  -.ensure- i  -spar.  .:i:;place--’-nt  ’t 

cycles  per  :-.in;te  was  .1  inch  c'rrl" 
arpliti'io  inlicating  very  goo:  ’ree  ent 


betva-en  jiia-iict' -I  an!  measured  i  i splacement  for 
tile  fur  ia- .ent.nl  ele . 

',,'hile  tl:e  static  an  i  lynnmic  reopcnSi  s  .9' 
tin-  bridg-  to  tii"  m- >v i r.r  L-mt  .-riel"  am-  th" 
subject  •!'  a  r.-parat"  report,  it  -.ay  :  >.•  point'' I 
•  it  ii'i'e  that  tii--  "."a:.  I'Ve  inn!  ::tre;n:  l"Velr. 
let  rmir-  i  at  /ari. :i>intn  tiir  >ng:.o  :t.  b:i" 
nr'.:'"  lari:..'  Un  eni  -le  pa:::"  w :.  .1, 
••XCe/s  i  v-  .  v'iurati  in  !.<:■■:  :  t:i"  Vehicle 

passu.  Wer"  '•.•.••rail..  ,f  hi. !’:■■•:  ."noy 
tear  i:.uuc"i  :.y  f.a-  v!br"t‘.  r-.v-ratoi’S  nr: 
repress rte  i  i  -i  ial  str  . raJ 
.  ibruti.il. s  in  mr'  >  "/ini  nr  : 


..'•••  fret  t.M  symm-i.r'  c  rmnl  m..ies  •:* 
vibration  v."  r-  til".-  :  in  tu-  l-.:\  urn. ' ram . 

ihe  mode  shop'  a  an  1  fr-q  .enc i -r  Wer-  .-'jn.J 
agreement  with  calc  ilat  - :  vnl.es. 

i .here  was  some  i mi '.cation  :f  t.'.e  possible 
existence  of  two  separate  asymmetric  vertical 
modes,  very  close  tv  one  nnotner  in  frequency, 
at  nrou.'.  i  y  cycles  per  mil.  ,t”.  inis  observed 
fre  lue.'.cy  is  in  reus:  .'.able  agreement  with  the 
calculate J  frequency  of  the  f.rst  asymmetric 
mode.  neither  expor!-.. -.'.tally  iet or:-. Li.ed  vibra¬ 
tion  pattern  was  i:  goo  i  ■■•greement  with  the 
calculated  first  nsy:u:.etr ic  mode  unapt: ; 
however,  the  s-cji.  i  experimentally  iet'. mired 


lightly  in-  ;  •••  i  st, r  .ct  :re. 


oul:  ilntit  :.s  :f  :  r  i  i  -  r-s ponce  r 
given  levels  of  input  force  th"  vibruti  n 

•ei.eratnr  more  than  a  le  :  .ate  for  the 

pirpt.se  of  choosing  ■  ppr.  priate  vibration 
generation  ••  juijr.ert  a.a  i  •.Air.':,  sensing  ii.stru- 


103 


.  I  1  I  ll.ilMi 


5 


A:  S')  [.] 

:•  :  &  L. ear i Uir  ie  t-er.  ".<-nl  i ■  1'  tar.pini'. 

S  .1  , 

A  (ft.-liml 


1 


/  I’C  ^<7 


>0  : 


h 


n 


!.  h.p.  Input  i'..|ulv;ilciit 

l  1,  \)  l't.  -li). /cycle 

■  ft. -lb. /cycle 
ni  l’t .  -lb  .  /cycle 
’  it . -li). /cycle 

.  {ojflj)1 ,  fur  CO  constant ,  an, I  a 

eha:.*- ;  in  rim 'tic  •  fro::;  i'.lv.  to  Kl-l,,,  the 

•e  pi  it  ;  i  •  at  part ic alar  point  will 
•  a.:  fellows: 

/7o.  _  _,f/eE.i 

h. or  ~  I IKE-. 

i  fit  u.p,  (1)  'in. I  (.1)  into  (_•)  the  resonant 
s!r..’l  i  titles  tiiat  can  be  naintu  inoi  by  a 

1.  n.p.  inpat  in  tilese  .modes  with  &  ~  ’.lb 
be  blained,  ihe  results  are  (jlyci:  in 
i  able  :'l  h.  the  colurj.o  labeled  lerfect 
i  re  i  .••ncy  Control. 


In  or  dor  to  utilize  the  results  in  the 
e,  :t  is  necessary  to  estimate  the  sinu- 
:il  t’orce,  F0,  required  to  deliver  1.0  h.p. 
ne  hrili'o. 


=  :-0  s  in  no Tl 


A  =  A0  sirusfe1  Deflect loi.  of  mid-point  of 
si  Ic  span 


A  “  (  A  static) 


-  Dynamic  amplification  factor,  that 
is, tin-  ratio  of  tiiu  dyr.ic.ic 
.••■■sp.r.ce  to  tin*'  static  .o fleet  ion 
>f  tiie  system  u:  ier  the  maxim's:, 
i-'.a  i  applied. 

I  rp'ei  to  be  simply  supported 
[•■  average  moment  of  inert  ia  of 
e  truss-.::  fro-,  .-.ppeniix  A  as 
•:  of  ..-.a  i  span  stiffness,  then: 


Aft!.'  *,  i_a_.  -  .  ’  1 .'  foot,  for  :  =  1,'H.Vl  lb. 


port'. i r me  1  in  or. 


(n .  s  i:.*^t 
cycle  -  W 
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i. 


w 


Jo  Jl/to  -] 

lr?*/0(Fot(A.F.)[Z)o  S'Sait'tt j 

(/>-*)(?) 


H) 


For  Is.p.  input,  Vi 


CL>  ('  •') 

;■  7T 


•an. r-r 

’Aecuiyna-'.ic  .'tun  ilit;:  r  .'u::p.  i  on 
hr  I  •  art  7,  Ap|x:i.  i  f,  ;■•  .iv>- 

Vincent,  uf  .'.nsningtan,  i'.U.'  i  ••■r ng 
i'.xper '  I  .'1. fit  in:.  if  .ll.-l in  ..  I1  ,  J  i:..-  J  l-,h. 


-tfTF. 


.’ince  Ur-  fre  r. •.■:.cy  ■:  n.trnl  of  th-. 
want  cru  to  vibrati'.n  -rat  i'-x.  •  i.lps-nt  was 
unknown  prior  to  tin.  act  iul  trials,  nr.  allownnc 
fur  such  effects  was  ::.ude.  If  the.-:  -.ffusts 
arc  taken  to  be  equivalent  to  the  excitation  .  f 
a  viscous  da::. pob  single  j.-gree  of  fr 
system.  with  a  sinusoidal  fore:,:..:  functiun 
operating  near  the  systc::.  resonant  fr  :  :u  -nc;; , 
then 

_ / _ 

where:  l/  {>  *'  (tvj  )  4  ~  ) 

to  =  forcing  frequency 


t 0n  =  natural  fro  qi.e::cy 

C_  g 

cc  2-~n~ 


Again  with  £  =  ..It 


Amplification  factor 


1.C0 

0.  75 

l.  v; 

0.70 

1.10 


20.- 


• ,  7 

7.1 


v.l 


Froa  (h)  it  can  be  soon  that 
:r.  one  cycle  is  proportional 
the  resonant  response  this  ;;c 
would,  then  be  proportional  to 


■i  forn.e : 
...re  fore 


This  effect  is  Indicated  ::.  iublo  ?1 
under  the  colur-ts  labeled  t.  ’  frequency 
control  ar.i  -l-'1'’  fro  suency  control. 


For  perfect  control  (A.:--.  =  2.'.  "'  : 

=  ‘7?-'u  lb.  to  deliver  1.  h.p.  to 
bridge 


t  •* 

frequency  control  (/ 

)  ■ 

l  r ! 

. ..  lb.  to  deliver  1. 
ige . 

.‘i.p. 

\  . 
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DUAL  SPLCIKIC  ATJONS  IN  RANDOM  VIBRATION  TKSTINO, 
AN  APPLICATION  OK  M  KC 1 1  AM< '  A  I.  I M  PKU  A\( '  K " 


By 

A.  F.  Will. 

Vibration  and  Acoustics  I'  si  Division, 
Sandia  Laboratories,  A II » ik 1 1 1< •  i-. j u< ■ ,  New  \1  < ■  \ i. •< » 


ami 

R.  Rodeman 

Applied  Mechanics  Division, 

Sandia  Laboratories,  Albuquerque,  New  Mexico 


Effective  methods  of  specifying  "reaiisti. ■"  li'.e  levn.,  fur  Imih 
sine  and  random  vibration  have  been  developed  for  sit  mil  Ian,-  vt !  u  r. 
considerable  information  about  the  dynamic  eliaraeierisi e  of  Hi.-  field 
vibration  source  is  available.  .Methods  have  also  been  deviST-d  for  si 
nusoidal  testing  where  little  is  known  about  the  dynaini.  h.ira.  t.  ns 
tics  of  the  field  source.  However,  little  has  been  (lone  m  t!i.  .ir.-a  of 
random  testing  for  situations  where  the  characteristics  of  lie  vibr.i 
tion  sourer  art'  not  well  known.  This  paper  presents  a  |e.  Iiniqui 
which  modifies  one  which  has  been  previously  propo.-ed  for  sjnus 
oidal  testing.  The  technique  utilizes  enveloped  field  data  and  tie  jm 
pedan.ee  characteristics  of  the  test  specimen  to  generate  a  Inborn 
tory  I'andom  input  force  spectrum.  It  also  utilizes  transfer  imped 
ance  characteristics  to  modify  the  input  force  spectrum  in  order  :o 
impose  response  motion  limiting  in  the  laboratory  siuiaiion. 


INTRODUCTION 

In  general,  there  are  presently  two  ac¬ 
cepted  methods  of  specifying  vibration  test 
levels:  motion  control  and  force  control. 
Specification  of  input  motion  is  used  more 
often  than  force  since  field  measurements  are 
made  in  terms  of  motion.  However,  Otts  [l] 
has  shown  that  motion-controlled  tests  can  be 
extremely  conservative,  and  lias  proposed  the 
use  of  force  control  for  the  laboratory  situa¬ 
tion.  On  the  other  band,  for  effective  use  of 
most  force  techniques  one  must  have  know¬ 
ledge  of  the  dynamic  characteristics  of  the 
field  foundation  to  which  the  specimen  is  nor¬ 
mally  attached.  [2]  Typically,  this  informa¬ 


tion  is  not  available  for  newly  designed  sys¬ 
tems  which  must  be  qualified  for  field  use. 

Murfin  [d|  proposed  the  use  of  a  for.  e 
technique  for  sinusoidal  vibration  testing 
which  utilized  a  "band  average'  of  the  test 
specimen's  apparent  weight  characteristics 
and  the  envelope  of  peak  field  acceleration 
levels  to  calculate  an  "average  input  force 
spectrum.  This  "average "  force  m  conjunc¬ 
tion  with  a  limit  on  input  acceleration  levels 
was  used  lo  specify  laboratory  test  levels. 
The  technique  has  several  advantages; 


Tilts  work  was  supported  by  the  l  nited  States  Atomic  Energy  Commission. 
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t  I  I  •  lie  I  \  1 1. ■  1 1 1 '  li  ir.u  !  f  i' i  -  I  ie i  if  l  Ilf 
flit.  11  l.i!  lull  .it  e  II. I  If  (lari'll. 

(')  i  i  •  1  •  Hi  i  ■  •  - 1 ■■  ipc'-inin-tl  in 

•if  .uiimMtiirn-s  peak  ami  iinteli  al 

:'!•>•  1 1 1  •  II 'Hr-  ulltTr  tin-  np|Mlfll! 

•ai  -ich!  .-h.tr. irtcrist ic*  mil'  ll  ami 
pi-ak  ,  it  -  pr.  i  r.-e I \  ,  ami 

(a)  .  i!>o-'.i!tir\  a> '''«•  liT.it Ii ill  ami  force 

•  rvels  ai  i'  i mil! i'll  to  reasonable 
Valili'.-. 

fills  paper  cHriids  tin1  technique  propos 
.  '!  I iv  M  ii’l’ui  |.l|  to  !hr  random  modi-.  Tin-  ran 
doiti  un  til  id  lias  iln-  saiiii-  advantages  as  those 
I'otuiil  in  tin-  sinusoidal  situation,  however,  the 
niiplomi-ntation  of  tin-  tm-lumpii-  for  tin.-  random 
situation  is  mori-  difficult.  Tin-  lisi-  of  the 
ti--  luu  i  in  -  for  random  testing  requires  consid¬ 
erably  mon-  pn-trst  rah  illation,  and  limiting 
input  and  response  am  deration  li-vi-ls  t- annul 
If  performed  using  automatie  equipment. 


II(l-)  -  l-'t-eiiuoncy  responst-  function, 
A,.(u)/Aj(u)  complex,  (dimen¬ 
sionless); 

W  (u)  Apparent  weight,  Fi(u)/A;(u) 
complex,  ( lb/g); 

w'  (u)  Transfet-  apparent  weight, 

K.(w)/At.(ui)  complex,  (lb/g); 

U  (u)  --  "Hand  averaged"  apparent 
weight  (lb/g); 

ia  =  Circular  frequency,  (Radians/ 
sec). 

Til  KORY 

Consider  a  test  specimen  (shown  in 
Figure  1)  which  exhibits  linear  dynamic- 
characteristics  and  has  its  driving  point  ap¬ 
parent  weight*  characteristics  defined  by  the 
frequency  dependent  complex  ratio 


The  mathematical  as  well  as  the  labora¬ 
tory  proi  educes  required  to  effect  this  techtli- 
j lie  are  described  along  with  the  results  of  a 
laboratory  test  which  are  compared  with  data 
obtained  ill  the  field  situation. 

NOMF..VI.ATI  RK 

A  („)  I’eak  amplitude  of  sinusoidal  in¬ 
put  acceleration,  (g); 


W  (w) 
a 


F.(ui) 

ATuT) 


(1) 


The  specimen  is  to  be  subjected  to  a  labora¬ 
tory  environment  where. r/j(u)  and  ,/i(u)  are  the 
input  acceleration  and  force  spectral  densities 
for  a  Gaussian  process.  The  apparent  weight 
characteristics  of  the  test  specimen  can  also 
be  defined  by 


\  (-)  IVak  amplitude  of  sinusoidal 
response  acceleration,  (g); 

.-/,(_■)  Laboratory  input  acceleration 
spectral  density,  (g-/Hz); 

,-/  („)  Laboratory  response  accelera¬ 
tion  spectral  density,  (g“/Hz); 


W  (u) 
a 


2 


-/L(to) 


■  'flu) 


(2) 


One  can  write  the  dimensionally  consistent 
relationship  that  defines  an  average  laboratory 
input  force  spectrum,  .j^(w),  by 


F  (_)  Peak  amplitude  of  sinusoidal 
input  force,  (lb). 


.t*".(u) 

l 


W  (u) 
a 


2  «(u) 


(3) 


./L)  -  Laboratory  input  force  spectral 
density,  (lb“/Ilz); 

A(u-)  Kilvelope  field  acceleration 
spectral  density,  (g“/Hz); 


where  Wa(u)  is  a  "band  average"  of  the  test 
specimen's  apparent  weight  characteristics, 
and  f,{u)  is  the  envelope  of  expected  maximum 
field  input  acceleration  spectral  density 
levels,  t 


Apparent  Weight,  Wa(u),  tin-  complex  ratio  of  force  and  acceleration,  is  related  to  mechanical 
impedance,  Z(c),  by  Wa(w)  =  Z(u)/ju  where  |  =  \f- 1 , 

l  l'lie  frequency  dependent  envelope  !,(u)  can  be  obtained  by  enveloping  maximum  input  acceler¬ 
ation  spectral  density  levels  experienced  in  the  field  by  similar  test  specimens  subjected  to 
similar  field  environments. 
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By  using  the  relationship  found  in  Kqs. 
(2)  and  (3)  one  can  mathematically  determine 
the  relationship  between  the  laboratory  input 
acceleration  spectral  density,  .Vjk),  and  the 
enveloped  fit* Id  acceleration  spectral  density, 

A'k): 


.<■/.(  u) 


/,(u) 


M) 


Note  that  whenever 


W  (u) 
a 

wTuy 


<  1;  then.V.(u) 


'A(u) 


(5) 


and  whenever 


|WaM| 

r/"V  • 


then.r/.k)  > (uj) 

l 


(6) 


One  can  see  from  the  relationships  (5)  and 
(6)  that  the  laboratory  acceleration  spectral 
density,  .r/jk),  has  a  tendency  to  notch  when¬ 
ever  the  test  .specimen's  apparent  weight 
characteristics,  Wa(w),  peak;  and.r/jk)  peaks 
whenever  Wa(w)  has  a  tendency  to  notch. 
These  peak  notch  characteristics  agree  with 
logic. 


The  relationship  of  the  magnitudes  of  the 
acceleration  peaks  and  notches  with  respect  to 
the  enveloped  field  spectrum  is  a  function  of 
how  one  hand  averages  the  test  specimen's 
apparent  weight  characteristics.  Since  ’S(u) 
is  the  envelope  of  peak  acceleration  spectral 
densities  experienced  in  the  field,  one  would 
logically  like  to  limit  the  maximum  laboratory 
accelerations  to  levels  "in  the  area”  of  the 
field  spectral  density,  7/(u).  This  can  be  done 
by  using  a  band  average  of  \Va(u.>)  which  is 
heavily  biased  toward  a  minimum  value  within 
a  given  frequency  band  kq  to  u^).  Therefore, 
an  "averaging"  method  proposed  i>y  Murun  |)| 
will  be  used: 


W  (w)  =  \V  min 
a  a 


t  .  1  l\V  max  -  V  min) 
a  a 


(7) 


Using  this  method  still  results  in  labo¬ 
ratory  acceleration  levels  which  may  exceed 
%{ u).  One  may  require  that  maximum  values 
of  the  laboratory  input  spectrum,  .r/jk),  be 
limited  to  a  certain  percentage  of  the  enve¬ 
loped  fiidd  spectrum  tCk).  Limiting  for  the 
sinusoidal  case  can  be  done  quite  easily  with 
the  proper  equipment;  however,  for  the  ran¬ 
dom  situation  limiting  cannot  he  as  easily  ac¬ 
complished.  With  present  random  testing 
equipment,  one  must  resort  to  modifying  the 
input  spectrum  to  accomplish  the  required 
limiting.  Calculations  must  be  made  in  order 
to  modify  the  input  spectrum. 

The  frequency  response  function,  Hk), 
for  a  linear  mechanical  system  is  defined  by 
the  frequency  dependent  complex  ratio 

A  k) 

Hk)  =  /.  •  (8) 

A  k) 

l 

where  Ajk)  and  Ar.k)  are  sinusoidal  input  and 
response  functions  respectively.  The  magni¬ 
tude  of  the  frequency  response  function  can 
also  be  defined  by  the  random  relationship 

,7  ■'•/r(u) 

H  191 


where. i/j(w)  and •■•/j.iu)  are  the  random  input 
and  response  spectral  densities  respectively. 


A  relationship  between  a  response  ac¬ 
celeration  spectrum  and  the  input  force  spec¬ 
trum  can  be  obtained  by  using  Eqs.  (2)  and  (0). 


.f.M 

i 


W  k)  ^ 
a 

|llk)|" 


.-/.(c) 


(10) 


If  a  limit  value  were  set  on  •  «r|.k);  then  a  nee.  in¬ 
put  force  spectrum  would  have  to  be  calculated 


■i ».k)  = 


W  k) 
I  a 

I  IKc) 


.V  k) 
r 


limit 


(11) 


Wc  i .mv  have  two  laboratory  input  force  spoc- 
i  specified,  i.c.  ,  Kq.  (3) 


.».(  u) 

1 


W  k>  f,  k> 


and  Kq.  ( 1  i ) 
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V  (  > 


|u  (..  )j 
1 


I  !.«  i  'ii.  t’ « *»■  \  jmjiu’  f*  *  i  *  -  '•  •:»•  'r:iiii 

:  ’  :*•  ' :i»-  .  •  u  1  ii » : n.t*  i» >n  «»i‘  !».  »•  u  ./j( „  )  .m«l 

it.  •  ’!•*»■*  *«»  iiiijinv-'  Mb-  r«- j  .unit 

"ii>  /..(>.),  t i .•  *  -»  In-  |»>  r -!‘i i r r 1 1 * •  t !  ii-ini’ 

i  1  i 

■  >  t ( .. )  u  In  Hi ■ .  >  i  /,(..)  /,(..)  uul  ■  * ! ( ..  )  >a  l;< 'ii 

■  ■ .  ' ' i •  1 1 ..  )  /.(_). 

\u'i'  'li.i'  lii-ii  r  i-  t  v  pun  d  Iiiiii!  'Ill’ 

: r i[ 1 1 1 •  . .  i'. i'  inn  -pin  '  r. 1 1  ilmim' .  K  | .  (II) 

m.n  I"’  ii  '-‘I.  Km’  'In.-  - 1 1  u .u  nm.  mu'  *  .in 

link.’  ■  /,L  I  ■  )  .mil  IK.)  1 .  1 | .  (11)  ,  .i:i 

,lii’!'i’l'iii'i’  I"  - 1 1 1 1 j >  1 : 1' •  i •  1 1  in: 

■f.  (.>  -  (-)[“’.■/  (.)“m;'  .  itm 

1  I  .1  I  I 

Again  .i  iii’vi  fiii’.i’  -iii -  1  ruin  li.i.-  tii  i’ii  ili  fuii’il. 

In  ni'ilri'  tu  lmpo-e  thi’  ri m l i-i •  i i  i in >'  ii n i 
.muting,  mu'  mu-'  I  Ii* -ii  ili’fiiii-  thi'  1  ilioiMtiu’i 
input  foivi’  -pi’i •  t i'ii in  a.-  'Iii'  1'iivi'ii'pi’  of  the 
minimum  .mIih  -  uf  the  rumpn-i’i’  spe,  irum 
fnrnu’il  li\  nvi’i'i.ii  mg  .il!  rul.  ui.iteil  force 

-(li'i’T  I’.l. 

Tin'  i'l'.iili-r  -limilil  luiti-  tlt.it  'hr  following 
i  i- I . it i< m.- ti 1 1 >  ulsn  Imld-: 


U  L)| 

If  u>'.\  (_)| 

lKiL)l 

IK.)  1 

1  l  1  | 

1 A  L>''\  (w)| 

I A  (.)| 

<U) 

1 

V  1 

1  '•  1 

r  h.  ■  -.I'm 


lil 

I-V-'I 

: ii i • ! l i 1 1 1;  hut  'hr  magnitude  of  'hr  'ran-fer 
.Ipp.tl'rli'  iv i '  1  it  1  '  iTl.ll'.ir'ri'l-tii  -  of  'hr  test 
-pr.  imril,  \\  ,,(.),  111).  (II)  may  tllri’rfoi’r  hr 

•A’ I'ii!  i’ll  ,l~ 

./'(.•>  |u'(.)|  .  (11) 

1  I  •'  I  ‘ 

Nll'r  if  1'  s-  1’rplll’rll  tu  tilin'  input  .trrr  let’.!  - 
'lull  'pr,  ’  I’.i  1  ilrll-l'v  th.it  K[.  (II)  '  .Ill  hr  ll-n|. 


I'm  this  situation  ,r/j(ic)  =  •"/  (ui)  and  |\Va(u)|  = 
|VV:i(u)|  .  and  Kij .  (11)  i-  tr  iinsfoi’mrd  to 
Kii.  d-'>. 

./(i.)  |\\  (u')|“.V.(u')llmlt  . 

i  I  n  I  i 

Sim's  mu  spkcifyixo  input  spkotiu'M 

in  niiiiiy  lost  siluatious  there  ai’r  only 
tun  pirrr-  i  if  informal  ion  availahlr  to  thr  tost 
engineer  or  specifications  engineer  for  dr 
fining  input  rontrol  Irvris:  (1)  firld  data  from 
similar  trsl  specimens  subjected  to  similar 
riivirmimruls,  and  (li)  thr  dynamir  eharacler- 
istir-  of  thr  trst  sprrimrn.  T'lirsr  pirrrs  of 
iiiformalimi  arr  usrd  to  generate  thr  labora- 
tiin  input  forrr  spectrum. 

Thr  strps  necessary  to  implrmrnt  thr 
methods  previously  drsrrihrd  for  an  artual 
lest  are  briefly  descr.'bed  below: 

I.  Obtain  from  a  rrntral  "data  bank" 
all  possible  random  input  field 
spri  t ra  (and  their  associated  prob¬ 
ability  densities)  experienced  by 
dynamically  similar  test  specimens 
and  form  a  "composite"  acceleration 
spectral  density  plot. 

g .  Knvelope  the  maximum  values  of  the 
composite  spectrum  to  obtain  the 
spectrum  //(w). 

b.  Perform  sinusoidal  surveys  at 
several  input  levels  ''  to  obtain  the 
following  characteristics  of  the  test 
specimen: 

a.  Driving  point  apparent  weight, 

wa<«> 

b.  Frequency  response  functions 
for  limit  locations,  il(u),  or 

c.  Transfer  apparent  weight 
characteristics  for  limit  loca¬ 
tions,  \Va(u). 

■1.  Obtain  "band  averaged"  apparent 
weight  characteristics  using  Fq.  (7), 

\Y  (u)  -  \V  min 
a  a 

♦  ,  1  (\V  max  -  \Y  n.in) 
a  a 


IT ■  -  .iri  performed  .c  -evi-r.i!  li’veis  :o  di-'ermini’  die  lincari'v  of  die  test  specimen. 
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5.  Using  the  enveloped  spectral  density 
'A(u)  and  the  "band  averaged"  ap¬ 
parent  weight  \Va(u),  ealeulale  the  in¬ 
put  force  spectrum  using  Kq.  (;i), 

I.  v 

\V  (u)  'A(u) 

a  | 

fi.  Determine  necessary  acceleration 
limit  locations  and  limit  levels. 

7.  Calculate  modified  force  spectra 
using  Kq.  (11) 


or  Eq .  ( 1 4 ) 

./.(y)  *  W  (u)  .-/  (y)UmU> 

l  a  r 

for  limiting  response  accelerations. 
Use  Eq.  (12) 

*  1  I  2  j  I  it 

,f.  (w)  =  W  (y)  .V.(u) 

i  a  i 


for  limiting  input  accelerations. 

8.  Overlay  all  calculated  force  spectra 
and  envelop  the  minimum  force  re¬ 
quirements  to  obtain  the  laboratory 
injut  force  spectrum. 

The  reader  should  note  that  several  of 
the  previously  outlined  steps  require  the  use 
of  the  test  engineer's  judgment.  These  arc 
the  steps  which  require  enveloping  or  averag¬ 
ing  of  data.  Several  trials  may  be  required 
before  an  input  spectrum  which  can  meet  ran¬ 
dom  test  equipment  capabilities  is  obtained. 
Even  after  the  final  input  spectrum  is  obtained, 
it  may  have  to  be  modified  slightly  during  ran¬ 
dom  equilization.  Test  specimen  linearity 
characteristics  may  also  affect  the  input  and 
response  spectra  such  that  the  input  force 
spectrum  would  have  to  modified, 

EXAMPLE  TASK 

A  specific  example  will  be  used  to  il 
lustrate  the  techniques  previously  described. 


The  intent  of  the  test  was  to  subject  the 
test  specimen  to  a  conservative  laboratory 
vibration  environment  which  would  logically 
"simulate1'  the  vibration  environments  experi 
cncrd  in  the  field. 

FIELD  DATA 

.Normally  field  data  would  be  obtained 
from  a  central  data  h.uik  for  -imilar  vibra 
lion  environment?  on  a  dynamically  similar 
•cM  sue,  inicn.  However,  for  this  particular 
situation,  field  data  was  available  for  several 
environmental  events  to  which  the  test  speci¬ 
men  had  been  previously  subjected.  The 
analog  accelerometer  signals  from  a  flight 
test,  with  eight  separate  events,  were  dis¬ 
played  in  the  time  domain.  It  was  determined 
from  this  data  that  the  analog  signals  were  re 
latively  noise  free  and  that  the  data  was  sta 
t ionary.  These  analog  signals  for  each  of  the 
eight  events  were  analyzed  bv  a  band  pass  sys¬ 
tem  called  VJBKAX  [-)].  VIBRAX  gives  the 
distribution  of  the  peaks  over  a  frequency  in 
terval  and  computes  the  HMS  value  for  this 
frequency  band.  The  three  most  active  of  the 
eight  events,  as  seen  from  the  VI BR AN  analy¬ 
sis,  were  selected  for  processing  ill  till  PSD 
; ind  probability  density  format.  The  proba¬ 
bility  density  plots  were  compared  to  a 
(iaussian  probability  density  with  the  same 
mean  and  variance  as  the  field  data.  This 
comparison  indicated  that  a  Gaussian  test  with 
the  same  mean  and  variance  as  the  flight  data 
would  he  conservative.  The  data  also  indi¬ 
cated  that  a  pure  li.hi  Hz  sinusoid  was  present. 
The  PSD  plot  for  the  separate  events  were 
overlaid  to  form  a  composite  spectrum  and  an 
envelope  of  the  composite  spectrum  was  made. 
Figure  2  shows  the  composite  PSD  and  the 
envelope.  The  lb"  Hz  sinusoid  is  shown  as  a 
line  spectrum. 

TEST  SPECIMEN  AND  LA  BOH  ATOPY  SETUP 

Consider  the  test  specimen  shown  in 
Figure  1  which  contained  many  components 
that  caused  the  system  to  he  dynamically  com¬ 
plex.  Input  laboratory  force  and  acceleration 
were  measured  at  the  lest  specimen  /field 
foundation  interface  using  force  gages  and  ac¬ 
celerometers.  Response  accelerations  of 
specific  components  within  the  test  specimen 
were  also  measured. 

APPARENT  WEIGHT  AND  INPUT  FORCE 
SPECTRUM 

The  specimen  apparent  weight  charac¬ 
teristic.-,  shown  in  Figure  ,-i,  and  frequency 
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response  functions  were  measured  in  the 
laboratory.  This  data  was  obtained  from  two 
sinusoidal  surveys  having  relatively  low  but 
different  input  acceleration  levels.  Tests 
were  performed  at  two  levels  to  determine  tin- 
linearity  of  the  specimen's  dynamic  character 
isties.  Note  that  by  examining  the  composite 
field  PSD  and  the  specimen's  apparent  weight 
characteristics,  one  can  observe  that  the  field 
spectrum  has  a  tendency  to  notch  at  fn  pn  ii 
eies  where  the  apparent  weight  .  It. tract  or  ist  |c> 
peak  ttnil  a  tendency  to  peak  at  fn  .picncics 
where  the  .apparent  weight  eharai-teristies 
notell.  These  peak  no'elt  relationships  agree 
with  the  basic  philosophy  used  to  develop  the 
teeltniijue. 

The  hand  average  of  the  apparent  weight 
characteristics  is  also  shown  m  Figure  i. 

One  ran  see  that,  if  the  force  is  uniform  over 
a  given  frequency  hand,  almost  all  the  vibra 
tloli  will  take  place  at  that  frequency  within  ’.In- 
hand  where  the  apparent  weight  is  a  minimum, 
thus  the  band  averaging  is  strongly  biased  to 
wards  the  minimum  wtllru  the  fn-jin-noy  hand 
as  is  shown  by  Fq.  (7).  The  bands  for  aver 
ttging  the  apparent  weight  were  in  octaves  or 
half  octaves  from  2U  to  2 (MMI  II/.  The  random 
force  input  spectrum  was  then  calculated  by 
using  Kq.  (11).  The  calculated  force  spectrum 
is  shown  in  Figure  -1.  The  dynamic  rang'  of 
this  calculated  spectrum  was  approximately 
•111  dll.  However  the  spectrum  was  modified 
to  allow  sufficient  dynamic  working  range  for 
the  random  equalizer  scrvomntrols  at  the 
high  and  low  spectrum  levels.  The  spectrum, 
shown  in  Figure  -1,  was  also  modified  for  a 
rolloff  rate  (20  dR/octave)  which  was  com 
patihle  with  the  cqualiz.t  r  characteristics. 
These  modifications  resulted  m  a  laboratory 
input  force  spectrum  which  was  in  genera! 
higher  than  that  required  to  test  the  specimen 
to  field  levels. 

ACCFFFHATION  I.IMITINC 

An  integral  component  with  a  known 
failure  level  was  Selected  for  acceleration 
limiting.  The  frequency  response  function  for 
this  component  had  been  moasur.  d  during  the 
two  low  level  sine  surveys.  The  random  re 
spouse  of  this  component  was  calculated  using 
Fq,  (Id)  with  the  calculated  force  spectrum, 
this  response  was  then  compared  with  tin- 
known  failure  level  of  the  component.  In  this 
particular  instance  the  failure  level  was  not 
approached  and  limiting  was  not  required. 

The  resulting  laboratory  input  force  spectrum 
is  shown  in  Figure  -H  One  should  note  that 
lowering  the  spectrum  level  at  the  higher 


frequencies  due  io  limiling  requirements 
wouid  have  <in  ated  control  problems, 

srpFHi'mjsi.v;  tiii:  sim  soid 

A  purr  sinusoid  was  siipi-i  imposed  on 
i  he  random  signal  at  ll'ti  11/  *n  simulate  tin- 
field  s pee 1 1  am.  The  level  of  I  lie  sillUs'oid  was 
acceleration  controlled.  The  method  of  super 
imposing  this  signal  on  the  random  laboratory 
s pet  1. 1 - 1 1 ■  1 1  is  not  within  the  s.-upr  of  this  paper 
and  v.  iil  not  In-  .lis.  us.-eii, 

liFSI  l.'i'.s  OF  Till.  I.AIIOIIA  TOin  TFST 

Fin  laboratory  inpu'  forci  .-pectrum  and 
resii.ting  inpir  a.  ceier.it ion  spe.  trum  an- 
shown  in  Figures  a  and  (i.  One  can  see  that 
above  l2h  ||/,  the  I're  pleucies  at  wllic  li  peaks 
and  notches  o-  ■  nr  in  the  .aboratory  ;n  eeiera 
tjon  spectrum  agree  .quite  well  with  those  seen 
in  the  composite  fn  id  spe.  trum.  However, 
because  much  of  the  i. moratory  force  .-pee 
1 1  u ii i  was  nrcess.iiuly  raised,  the  input  ac¬ 
celeration  n-vels  were  in  general  higher  than 
•hose  experienced  in  the  field  situation.  Belov 
1J(>  11/  better  agreement  between  laboratory 
and  field  a.  .-derations  may  have  been  oiitaitiei 
bv  using  a  different  envelope  of  the  ,  i  mpu.-i'c- 
spi-i  trum.  A  similar  comparison  w.e-  also 
obtained  for  response  data  from  integra.  om 
pollen!  .-  . 

CONCl.l  SIONS  AND  COMMFMT 

For  'his  particular  situation  field  data 
supported  the  philosophy  •hat  field  a.  eeiera 
lions  peak  at  fiu-pu-nries  where  'he  atitiaretr. 
weight  ch.ira-deris' ns  of 'he  'e-t  spi  cinn-n 
not.  It  ami  that  a.  .  eierutions  'end  'o  no'  h  at 
frequencies  where  apparent  weight  character 
tstn  -  peck.  Tin-  li  ■  hm  an-  provides  ,t  means 
of  obtaining  these  peak  lurch  n  l.itionstiips  in 
tin  laboratory.  In  doing  :n:s,  'In  teclim  pie 
provides  a  more  logic, u  'simulation"  of  fic.d 
random  vibra' ion.-  'ban  either  for.  e  or  a. 
eeier.it ion  control  !•-.  l:n;  p.e-  winn  little 
in  tually  known  alma'  tne  fn-.d  i  nvirontnem. 

Idle  me'hoii  replire-  oils  ider.ll'e  .  a.,  ulatioll 
for  its  use.  and  results  an  ‘ugltlv  » j<  penitetr 
on  enveloping  and  averaging  me'hod-  ;;.-ei!, 
t hit •  .-an  a. so  si  e  from  'In-  ■  mp.<  .  as.  that 
the  dynamn  tango  of  'he  :np.r  for.  •  -pi  trum 
may  be  mu.  It  gn-  iter  tl.aii  'in  .  tree  loped  field 
a.  ceierat  ion  spectrum.  Thi-  i-  'r.n-  he.  .ruse 
the  input  for i  e  -pe.  'rum  n  1 . > •  •  d  •<.  t * n •  fieli 
acceleration  spe, -'rum  by  ttn-  |  ..on  of  'In- 
band  averaged  appareir  w.  igi;'  :i.u'.(,"eri-:i 
This  n-lationslup  tend.-  'o  ..inn..fy  tin-  dynamn 
range  of 'he  inpir  con'riil  ■  'r-..m.  Tuts 


i  ill  -.ulvant age  suin'  th<-  extended  riuyt'  may 
In'  Ih'miihI  lln'  eapabil ii it's  of  t In*  random 

■  ■  i tin !  i.-i'i  . 
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VIBRATION 

A  DIAGNOSTIC  TOOL  FOR  SHOCK  DKSICN 


Culver  .1,  Floyd 
Raytheon  Company 

Submarine  Signal  Division 
Portsmouth,  Rhode  Island 


Vibration  testing  can  result  in  successful  shock  testing  the  first  time. 
Analysis  of  failures  and  results  during  parts  qualifications,  engineering 
exploratory  testing,  formal  vibration  and  reliability  testing,  and  compari¬ 
son  with  shock  test  results  indicates  that  higher  level,  higher  frequency 
vibration  tests  will  indicate  failures  probable  in  shock  tests. 


INTRODUCTION 

Exploratory  vibration  testing  can  provide 
the  engineering  imormation  required  for  an 
adequate  shock  design.  Successful  shock  tests 
can  result  the  first  time.  This  in  turn  can  pro¬ 
duce  lower  testing  costs,  shorter  test  times 
and  the  product  will  not  be  marginal. 

Over  the  past  several  years  Raytheon's 
Submarine  Signal  Division  has  done  a  great 
deal  of  testing  to  MIL-STD-1G7  and  MIL-S-901. 
During  these  tests,  acceleration  data  has  been 
gathered  at  anvil,  deck,  cabinet,  chassis  and 
part  levels. 

Related  to  these  tests  other  exploratory 
and  qualification  tests  were  done.  These  tests 
include: 

1)  Non-standard  parts  qualification  tests 
per  MIL-STD-202,  MIL-STD-242, 
MIL-STD-750  and  MIL-STD-8H3 

2)  Engineering  exploratory  shock  and 
vibration  at  the  chassis  level  (up  to  50 
pounds) 

3)  Cabinet  level  vibration,  soft  and  hard 
mounts 

4)  Cabinet  level  shock,  soft  and  hard 
mounts 

5)  Cabinet  level  reliability  tests  per 
MIL-R-22732,  suit  and  hard  mounted. 


Examination  ol  stress  levels,  frequency 
spectra,  material  characteristics  and  failure 
indicates  that  successful  completion  ol  a  shock 
test  can  be  accompiisned  if  exploratory  vibra¬ 
tion  tests  are  run  at  chassis  and  cabinet  levels 
without  the  electronics  being  energized.  These 

vibration  tests  in  the  cabinet  vertical  plane 
Should  be  at  the  level  of  10  g  and  should  cover 
the  frequency  range  from  5  to  100  Hz. 

Vibration  levels  in  the  front -to-back  and  side 
to-side direction  should  be  4  g.  Machine  operat¬ 
ing  time  to  scan  the  spectra  in  each  of  the 
three  orthogonal  jutes  need  be  n»>  more  than 
two  minutes.  This  technique  will  identify 
mechanical  problems  before  the  formal  vibra¬ 
tion  and  shock  tests  begin.  Savings  will 
accrue  from  eliminating  multiple  set  ups, 
electrical  cheeks  in  the  environmental  lab  and 
down  time  fur  technicians  during  repair. 


PARTS  QUALIFICATION  PROGRAM 

First  let  us  consider  the  parts  qualifica¬ 
tion  program.  These  are  parts  such  as  trans¬ 
formers,  transistors,  filters,  chokes,  test 
Kicks,  switches,  jilugs.  etc. 

These  parts  are  used  in  most  of  the 
military  equipment  which  is  procured  to  one 


ul  tho  tallowing  equipment  specifications:  and  vibration  environment  or  lead  to  these  test 

specifications: 


MIL-E-16400 


Electronic  Equipment, 

Naval  Ship  and  Shore,  MIL-STD-167 

General  Specification 

For 


Military  Standard: 
Mechanical  Vibration  of 
Shipboard  Equipment 


MIL-E-21200 


MIL-E-5400 


MIL-E-8189 


Test  Equipment  for  Use  M1L-STD-202 
with  Electronic  and 
Fire  Con  trol  Systems, 

General  Specification 

FlH'  MIL-STD-331 


Electronic  Equipment. 
Airborne,  General 
Specification  For 
Electronic  Equipment, 
Guided  Missiles,  General 
Specification  For 


MIL-STD-810 

MIL-STD-883 


Each  of  those  leads  back  to  one  or  more  of 
parts  qualification  specifications.  Typical  of  M1L-S-901 
those  are: 

ANA  400  Electronic  Equipment: 

Aircraft  and  Guided 
Missiles  Applicable 
Documents 


Military  Standard:  Test 
Methods  for  Electronic 
and  Electrical  Component 
Parts 

Fuse  and  Fuse  Components, 
Environmental  and  Per¬ 
formance  Tests  For 

Militai  Standard:  Environ¬ 
mental  Test  Methods 

Test  Methods  and  Pro¬ 
cedures  for  Micro¬ 
electronics 

Military  Specification, 

Shock  Tests  H.  1.  (High 
Impact)  Shipboard 
Machinery  Equipment  and 
Systems,  Requirements 
For 


MIL-STD-24?  Military  Standard  Electron¬ 

ic  Equipment  Parts, 
Selected  Standards 

These  in  turn  either  specify  their  own  shock 


The  requirements  of  these  various  test 
specifications  are  listed  in  Tables  1  and  2. 

A  plot  of  several  of  these  vibration  specifica¬ 
tions  is  shown  in  Figure  1. 


Table  I 

Comparison  of  Test  Specifications 


Spec.  No. 

Methods  j 

Vibration 

Shock  I 

MIL-STD-1 67B 

5-15  Hz  .0(10  DA 

10-25  Hz  .040  DA 

26-33  Hz.  .  020  DA 

24-40  Hz.  .010  DA 

41-50  Hz  .006  DA 

MI  I. -STD-202  D 

201 A  -  10-55  Hz  .0G0"  DA  3  dir. 

207A  (Lt.  Wt.  Hi.  Impact  S  T  MIL- 
S-901 ) 

213  NOTE  1  | 

MIL-STD-331 

104.  Pruc.  II.  Para. 

4.  2.  1  3  axes  lO-^n  Hz  0.  1"  DA  or 

2  O 

101 

102 

114  Para.  5.  1 

MIL-STD-750 

2046  60  ^  20  Hz  -  20G  3  axes 

3  axes 

2016  1500G  0.5  ms. 

2021  3000G  0. 2  ms. 

MIL-STD-7H1 

40  20  Hz  2.  2G 

MU.-STD-H10B 

514  Proc.  IX  &  XI.  Part  1 

10-55  Hz  .  030  '  fixe. 

514  Pruc.  LX.  Part  2. 

514  Pruc.  XI.  Part  2. 

516  Pruc.  I,  III.  IV 

2  Pruc.  II  is  a  drop  test 

M11.-STD-HH3 

i 

2005  60  .  20  Hz  A  -  20G. 
n  -  5og,  c  -  7og 

2002  A.  500G  E.  10. 000 G 

B.  1500G  F,  20.000G 

C.  3000G  G.  30.0000 

I).  5000  1  0.  1  to  1.  0  ms. 

•  Numni.i ry  ..I  21.1  -  MII-S  111-202  .,,,,1  Mi  ih.  d  51G  .  MIL-STD-810  <in  Table  2. 
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All  .n  r  mil  shnwn  siiu-r  many  Itave  slight 
wirutmns  in  .uiiplitiuli •  ami  frequency.  However, 
all  . a  1  In-  v  thru  I  inn  sport  lieu  (ions  list'd  1'or 
I : tviix*.  parts  luvr  anipliludi-  equal  to  nr 

larger  than  MI  L-STD- 1  H7 .  Similarly,  llu-  test 
in-queiicies  art’  mm  li  higher,  extending  often  to 
2000  II, 

riio  reason  for  selertion  of  these  lest  fre¬ 
quencies  for  shipboard  parts  is  not  a  part  of  this 
paper.  These  tests  have  been  specified  by  various 
tlovernment  agencies.  The  parts  are  meeting 
these  speeitieatioiis  during  qualification  tests. 

The  parts  ollen  are  originally  qualified  for  use  in 
ground  vehicles,  aircralt  and  missiles  which  nay 
have  more  severe  high  frequency  vibration  environ¬ 
ment  than  shipboard. 

The  significant  point  here  is  that  transistors, 
coils,  transloriners,  capacitors,  switches,  etc., 
withstand  a  much  more  severe  environment  than 
Mil. -STD-1 1!7  durinp  parts  qualification. 

Similarly  in  the  shock  tests,  the  pulses 
applied  directly  to  the  part  durinp  qualification 
have  a  much  liipher  p  level  and  much  shorter 
duration  than  in  cabinet  level  tests  (See  Figure  2). 


Mu_l_iS>EC.S 

Fill.  2.  Typical  Shock  Test  Pulses 

Transmissibilities  within  the  part  is  thus  greater 
than  1  at  much  higher  frequencies  (>100  Hz)  than 
the  transmissibility  within  the  part  during  MIL- 
S-901  tests.  To  state  if  another  way  the  shock 
environment  durinp  parts  qualification  is  more 
severe  than  durinp  cabinet  level  M1L-S-901 
testing. 

CHASSIS  LEVEL  EXPLORATORY  TESTS 
Recently  on  the  AN  BQS-13  Program 


exploratory  shock  and  vibration  tests  were  run 
on  185  typical  chassis  or  other  subassemblies. 

The  procedure  for  these  tests  was  simple. 

The  chassis  was  assembled  and  wired  but 
not  electrically  tested.  Just  prior  to  the  elec¬ 
trical  test  it  was  taken  from  the  production  line 
for  one  day.  At  the  environmental  lab  it  was 
vibrated  at  .  020DA  along  each  of  three  orthogonal 
axes  sufficiently  long  to  identify  resonances.  If 
resonances  appeared  below  40  Hz,  they  were  re- 
par  ied.  Resonances  between  40  Hz  and  100  Hz 
were  noted  for  future  reference. 

The  chassis  was  then  shock  tested  along 
three  orthogonal  axes.  A  Barry  drop  tester  was 
used  to  produce  50  g  at  the  specimen.  High 
speed  motion  pictures  were  taken  for  future 
reference. 

Chassis  parts  and  cabling  which  passed  these 
tests  gave  no  trouble  in  MIL-S-901  shock  tests. 


CABINET  LEVEL  VIBRATION  TESTS 

Monitoring  of  electronic  performance  during 
vibration  tests  usually  consume  more  time  and 
money  than  the  vibration  tests.  Cabinet  level 
vibration  testing  to  MIL-STD-167  requires  only 
about  fifteen  hours  of  machine  running  time. 
However,  the  elapsed  time  even  for  a  perfect 
test  may  be  a  week  or  more.  Most  of  this  time 
is  concerned  with  the  electronic  test  gear  re¬ 
quired  to  exercise  the  cabinet  electronics  and  to 
monitor  the  cabinet  electronics  performance. 
Even  after  everything  is  working,  several  hours 
may  be  required  to  electrically  check  out  the 
more  complex  cabinets,  sometimes  involving 
three  or  four  test  electrical  engineers. 

Should  a  failure  occur  in  the  cabinet  during 
vibration  test,  it  usually  is  returned  to  the 
factory  for  repairs.  These  repairs  may  take 
several  days  or  several  weeks.  During  this 
repair  time,  the  electronic  exercise  and  mon¬ 
itoring  equipment  is  often  cannibalized  for  other 
work.  When  the  repaired  cabinet  returns  to  the 
environmental  test  facility,  much  time  is  lost 
trying  to  get  the  exercise  gear  operating  again. 
Eliminating  this  duplication  in  setting  up  the 
exercise  gear  and  in  electrical  checks  will  more 
than  pay  for  the  exploratory  test  described. 

If  the  chassis  have  been  through  exploratory 
vibration,  the  structural  failure  sometimes 
occurs  at  the  chassis  slide  -  cabinet  interface 
which  was  not  necessarily  duplicated  during 
chassis  exploratory  tests. 
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Wiring  failures  are  common.  Nearly  all 
wiring  failures  are  attributable  to  insufficient 
clamping.  Troubleshooting  for  broken  wires 
proved  to  be  very  time  consuming. 

Parts  which  have  been  qualified  previously 
almost  never  fail.  Occasional  failures  in  non¬ 
standard  parts  occur  if  the  vendor  is  still  trying 
to  qualify  his  part. 


CABINET  LEVEL  SHOCK  TESTS 

Cabinet  level  shock  tests  were  conducted  on 
various  cabinets  of  the  AN/BQS-13.  These 
results  are  reported  in  Reference  (1). 

These  were  done  on  the  medium  weight 
MIL-S-901  machine.  The  machine  operating  time 
is  a  matter  of  a  few  minutes.  Perhaps  10  min¬ 
utes  is  required  to  raise  the  hammer,  drop,  and 
reset  the  hammer.  The  elapsed  time,  however, 
could  run  a  week  due  to  cabinet  <  xercise  equip¬ 
ment  and  test  equipment  set  up  and  check  out,  as 
well  as  troubleshooting  broken  wires. 

Cabinet  failures  in  shock  were  again  primarily 
either  structural  or  wiring  plus  a  few  non-standard 
non-qualified  parts. 


From  the  behavior  of  cabinets  under  vibration 
up  to  33  Hz,  we  could  predict  probable  failure 
areas.  If  the  cabinet  level  test  has  included 
exploratory  vibration  at  10  g  to  100  Hz,  the  fail¬ 
ure  would  have  occurred  and  been  repaired  even 
before  starting  formal  vibration  tests. 

If  shock  tests  were  successful  the  first  time, 
duplication  of  the  exercise  equipment  set  up  and 
test  could  be  avoided.  Money  and  time  loss  would 
not  occur. 


CABINET  LEVEL  RELIABILITY  TESTS 

A  reliability  provision  appears  in  many  con¬ 
tracts.  MIL.-R-22732  defines  these  tests.  Vibra¬ 
tion  in  the  vertical  direction  of  1  or  2  g  at  some 
discrete  frequency  (typically  28  Hz)  is  performed 
for  10  minutes  of  each  hour  during  a  several 
thousand  hour  life  test.  Vibration  time  thus  can 
accumulate  to  more  than  100  hours.  Typically 
the  several  systems  of  the  AN/BQS-13  were 
vibrated  at  1  g  at  28  Hz  for  an  accumulated  time 
of  430  hours  without  failure.  Each  system  con¬ 
sists  typically  of  twenty  large  equipment  cabinets 
and  ten  small  boxes.  The  large  equipment 
cabinets  are  shown  in  Figure  3. 


Fig.  3.  Types  and  Weights  of  Cabinets  (1968  Tests) 
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SUMMARY 


I'lii'  mmiluT  of  cycles  nf  vibration  for  those 
reliability  tests  is  miu'it  longer  than  any  ondur- 
am'i'  test  spocifii'tl  for  any  parts  qualification  or 
caliiiu't  environmental  tost. 

Figure  •!  shows  a  typical  S  N  curve  for  many 
materials.  This  curve  is  a  plot  nf  the  number  of 
cycles  to  fracture  versus  the  stress  level  per 
cycle.  The  curve  varies  for  different  materials 
but  always  has  the  steep  slope  dropping  rapidly 
away  from  100b  as  the  number  of  cycles  in¬ 
creases  and  becomes  asyndetic  in  the  millions 
of  cycles  ranges. 


ov  Ull-v  \  S  IO  VAA  VlRt 


Fii| .  4,  Typical  S,  N  Curve 

Hence  to  meet  the  reliability  endurance 
requirements  one  must  design  for  low  stress 
during  1  or  2  g  vibration  at  perhaps  28  Hz. 

This  is  completely  compatible  with  allowing  high 
stress  for  a  few  cycles  during  shock  tests. 


SHOCK  AND  VIBRATION  EQUIVALENCE 

Several  people  have  reported  on  the  equival¬ 
ence  between  shock  and  vibration. Gennaci  and 
Foster  have  computed  what  vibration  would  cause 
displacement  equivalent  to  certain  shock  inputs. 
(Reference  (2)1.  The  results  of  this  technique 
have  been  combined  with  a  shock  spectrum  of  a 
typical  pulse  which  we  measured  during  AN 
BQS-13  shock  tests  (Figure  5). 

Figure  6  shows  the  vibration  amplitude 
necessary  to  produce  the  equivalent  response  of 
the  shock  spectra  if  the  structure  is  vibrating 
at  its  natural  frequency.  Note  MIL-STD-1G7  and 
the  Reference  1  g  curve.  Also  note  the  10  g 
curve  lying  nearly  along  the  equivalence  line. 


In  summary,  are  these  results  and  conclu¬ 
sions: 

1)  Parts  which  qualified  with  high  amplitude 
high  frequency  vibration  tests  gave  no 
trouble  during  MIL-STD-167  or  MIL-S-901 
cabinet  level  tests. 

2)  Chassis  which  had  resonances  above  47 
Hz  gave  no  trouble  during  the  167  or  901 
tests. 

3)  Cabinet  level  structure  and  cable  did 
have  a  few  failures  in  vibration. 

4)  Cabinet  level  structure  and  cable  behavior 
during  vibration  did  give  warning  of 
failure  in  shock  when  tested  only  as  high 
as  1  g  and  33  Hz. 

5)  Equipment  passing  167  and  901  gave 
perfect  performance  during  reliability 
tests  with  no  failures  at  all. 

6)  Consideration  of  the  equivalence  of  shock 
and  vibration  bear  out  the  above. 

These  conclusions  then  lead  to  this  proposal. 
As  a  part  of  engineering  development  at  the 
chassis  level  or  cabinet  level  or  just  prior  to 

formal  167  and  901  testing,  perform  the  following 
exploratory  tests: 

1)  Vibrate  at  10  g  from  5  to  100  Hz  in  the 
cabinet  vertical  direction. 

2)  Vibrate  at  4  g  from  5  to  ICO  Hz  in  the 
cabinet  side-to-6ide  and  front-to-back 
direction. 

3)  Sweep  and  range  once  upwards  and  once 
downwards  taking  one  minute  in  each 
direction. 

4)  Perform  this  exploratory  test  without 
the  electronics  being  energized. 

5)  Visually  observe  during  and  after  test  to 
assess  needed  changes,  if  any. 

Savings  in  dollars  and  time  will  result,  if 
this  procedure  is  followed.  Repetitive  electrical 
set  ups  and  check  outs  will  be  eliminated,  down 
time  for  electrical  test  personnel  will  be  elimin¬ 
ated,  and  successful  vibration  and  shock  tests 
will  result.  This  technique  was  demonstrated 
during  the  AN/BQS-13  tests  when  all  parts  not 
exploratory  tested  experience  failure,  while 
those  parts  that  did  undergo  exploratory  testing 
proved  successful. 
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Fig.  5.  Design  Shock  Spectrum 
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Mi'  I  la -it- 1<  -  r  .'>n  (Hughe-  Air, -raft  Company): 

HU  ->!(•  al  l-,  ti  -al.-a  '■Il  l'*’  ill  l-a >l»i Illl-It-I I  with  till'  .'III  11/ 

.  '  I  ill, -I  -."II  .la  i  l.  Mi  ll  until'!  change  tin-  intcnsi- 
1 1>  A  'III.!  Il  II  "I  " 

Ml'  I  I  "M I :  Will,  lint  iv.lllv.  Iicc.'lllnc  III'  lllsii 
I-'  .1  111-  a.I-, Mil, M  11.,  I*,  1  ,|f.h. 

Mr.  Ili  ii.li’i  a  in;  II  a  piece  of  equipment  wa.- 
h  n'.l  mniiiiti  'l  I  ■  ill,  'i, ilf  hammer.  'voiild  you  not 
Art  :  1 1 1 1  a  -  Il  III,,!',  intrll  >r  .allixhs  oil  loads  out  of  tilts? 

Mr.  I  I"/, I:  Wr  li.nl  mir  group  ,,l  cabinets  tint 
u  is  ■  |. mi •  on  tlir  die, I  Innl  deck.  Ilriv  in1 

loll. ,u r, I  III,  'nil  guideline  us  fur  us  thr  uiutlrs  mill 
I'h.iniii'ls  are  rniirerinil.  Wr  ■  lit  I  get  u  spreading  out 
of  til,  pulsr  rvni  in  tint,  uftri'  it  got  into  thr  cabinet. 
N',m  it  is  till,-  (hut  thr  pulsr  ut  thr  unvil  was  wry 
short  .m, I  vrrv  hit’ll.  It  was  rrilurnl  u  little.'  hit  in 
height  .in, I  iiirri'iisnl  in  width  ns  it  got  undrr  thr 
leek.  It  was  prrliups  Til  or  Si)  II/,  in  that  order. 

\ftrr  it  ""I  into  thr  r.uliinrt  it  dropped  quite  markedly 
into  perhaps  a  In  11/  ranttr.  The  point  I  am  making 
is  that .  if  nr  vibrate  ut  these  higher  levels,  the 
r'luipiiirnt  inside  of  thr  raliinrt  will  respond  in  much 
thr  same  manner  us  it  might  in  thr  shock  test.  We 
do  not  know  whether  it  will  or  not. 

Mr.  Korknis  (MU.):  We  found  that,  if  your 
natural  frequencies  are  allow  thr  frequency  of  the 
vibration  test,  you  do  out  have  too  much  trouble  in 
the  shock  test.  A  l(l-g  input  for  a  free-standing 
cabinet  is  a  very  severe  test.  The  old  aircraft 
specification  siiecifiod  (ii)  mils  up  to  f,f>  Hz,  which 
was  III  g’s  I  have  tested  some  antennas  at  this 
level  and  the  inputs  were  too  severe  and  never 
agreed  actually  with  the  aircraft  Itself.  I  think  you 
are  going  to  run  into  a  lot  of  trouble  trying  to  put 
in  g's  into  a  lot  of  this  equipment.  They  haxl  specified 
the  in  g  input  in  three  mutually  perpendicular  direc¬ 
tions.  t  think  you  are  going  to  find  that  you  are  going 
to  have  more  problems  in  vibration  than  you  do  in 
shock.  In  vibration  we  do  our  testing  in  three  mu¬ 
tual  perpendicular  directions.  When  you  go  to  the 
shock  machine  we  have  an  inclined  bulkhead  which 
produces  shock  components  simultaneously  in  three 
directions,  i  think  the  effect  is  a  little  different. 

You  may  have  some  trouble  correlating  it. 


Mr.  Floyd:  i  suspect  you  are  right  in  everything 
you  say.  I  perhaps  forgot  to  mention  that  we  did  have 
trouble  with  some  cabinets  on  the  Mil-S-001C  shock 
test.  Those  cabinets  really  warned  us  that  they 
were  going  to  give  us  trouble  during  the  Mil-Std-167 
test  which  went  as  high  as  ,').'l  cycles.  Mil— Stci- 1  f»7 
now  of  course  goes  to  fit)  cycles,  and  I  am  looking  for¬ 
ward  to  seeing  whether  or  not  we  are  going  to  have 
more  trouble. 

Mr.  Paladino  (Naval  Ship  Systems  Command): 

We  are  responsible  for  1G7.  We  raised  167  to  go  to 
fill  Hz  for  one  reason.  We  now  have  hydrofoils  which 
have  a  higher  blade  passing  frequency.  We  do  not  in¬ 
tend  that  all  equipment  be  tested  to  50  Hz.  It  is  only 
tested  to  the  frequency  range  for  a  particular  vehicle, 
if  it  is  a  destroyer,  carrier,  submarine,  or  whatever 
it  is,  we  do  not  want  to  imply  that  everyone  must  meet 
1G7  to  50  Hz,  It  is  clearly  spelled  out  in  the  standard 
but  I  think  people  have  misinterpreted  this.  1G7  is  a 
standard  that  does  ferret  out  a  bad  resonant  condition. 
It  is  about  a  1 .2  g  maximum  input.  If  you  have  a  bad 
resonance  due  to  :implifieation  you  can  come  up  with 
mavbc  7  g’s.  This  is  a  bad  piece  of  equipment  and  it 
will  not  survive  the  two-hour  test.  As  Mr.  Forkois 
said,  if  you  are  free  of  resonances  up  through  the 
test  range  of  1G7  your  changes  of  surviving  901C  are 
very  good.  So  if  there  are  resonances  and  you  apply 
10  g’s  in  a  vibration  test  you  are  going  to  tear  it 
apart  in  a  matter  of  minutes. 

Mr  Floyd:  Thank  you.  I  was  not  aware  that 
Mil-Std-167  could  be  reduced  for  submarines.  I 
have  learned  something  this  afternoon. 

Mr.  Paladino:  I  am  not  saying  that  you  reduce 
it  for  submarines.  Submarines  are  the  ones  that 
usually  test  up  to  33  Hz.  There  are  some  surface 
ships,  like  carriers,  you  cannot  test  up  to  33  Hz. 

You  have  to  take  the  number  of  blades  that  you  have 
on  your  propeller  times  the  top  rpm.  That  is  the 
bracket  that  you  test  at  in  1G7.  Right  underneath 
the  table  it  tells  you  how  to  use  It  and  many  people 
have  been  misinterpreting  this  and  going  up  to  50  Hz. 
We  do  not  want  them  to  do  that. 
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THE  RESONANT  RESPONSE  OF  A  MECHANICAL  SYSTEM  SUBJECTED  TO  LOGARITHMICALLY  SWEPT 


AND  NOTCHED  BASE  EXCITATION,  USING  ASYMPTOTIC  EXPANSION 


H .  N.  Agrawal 
COMSAT  1  .abo r a t  or i os 
Clarksburg,  Maryland 


The  objective  of  this  paper  is  to  present  the  method 
of  determining  spacecraft  structure  response,  sub¬ 
jected  to  logarithmically  swept  and  notched  base  ex¬ 
citation,  in  sinusoidal-vibration  testing.  The 
asymptotic  method  is  used  to  obtain  the  response  of  a 
viscously  damped  single-degree-of-freedom  mechanical 
system  subjected  to  logarithmically  swept  and  notched 
base  excitation.  The  unnotchcd  responses  and  perfect 
notches  are  obtained  for  various  notching  factors, 
damping  coefficients,  sweep  rates,  and  natural 
frequencies . 


INTRODUCTION 

It  is  common  practice  to  subject 
spacecraft  in  environmental  qualifica¬ 
tion  testing  to  a  sinusoidal-vibration 
excitation,  swept  at  a  constant  octave 
sweep  rate  through  some  frequency 
range.  To  simulate  flight  dynamic 
loads  more  accurately  (i.e.,  to  avoid 
overtest) ,  test  specifications  have 
been  modified  in  some  cases  to  permit 
notching  of  the  vibration  input  at  the 
fundamental  spacecraft  resonant  fre¬ 
quency.  The  environmental  engineer 
faces  not  only  the  problem  of  develop¬ 
ing  a  satisfactory  notch,  but  also  of 
interpreting  the  response  data.  Al¬ 
though  the  concept  of  the  notched 
vibration  test  has  been  approved  and 
carried  out  for  a  number  of  years,  the 
literature  regarding  the  analytical 
response  to  such  an  excitation  is 
quite  limited.  Lewis  [1]  has  pre¬ 
sented  a  solution  for  the  response  of 
a  single-degree-of-freedom  system  sub¬ 
jected  to  linear  swept  vibration  ex¬ 
citation.  However,  most  current 
vibration  testing  specifies  a  constant 
octave  sweep  rate.  Morse  [2]  has 
given  a  mathematical  solution  for  the 
acceleration  response  to  the  loga¬ 
rithmically  swept  sinusoidal-vibration 
excitation  for  a  viscously  damped 
single-degree-of-freedom  mechanical 
system.  However,  his  mathematical 
solution  is  in  a  form  not  readily  ap¬ 
plicable  for  engineering  use;  he  has 
used  analog  simulation  to  obtain  the 
response. 


In  this  paper  the  asymptotic 
method  developed  by  Kryloff, 

Bogoliutov  [3],  and  Mitropolskii  [4] 
is  discussed  briefly  with  modifica¬ 
tions  [5).  The  asymptotic  method  is 
used  to  obtain  the  response  of  the 
viscously  damped  single-degree-of- 
freedom  mechanical  system  subjected  to 
logarithmically  swept  and  notched  base 
excitation.  The  solution  can  also  be 
applied  to  obtain  the  response  of  the 
nonlinear  mechanical  system  with  time- 
dependent  natural  frequency  [6]. 

The  responses  are  calculated  by 
varying  sweep  rates,  damping  coeffi¬ 
cients,  and  natural  frequencies.  In 
this  paper  the  concept  of  the  perfect 
notch  is  discussed.  A  notch  is  as¬ 
sumed  to  be  perfect  when  the  allowable 
response  is  maintained  across  the  en¬ 
tire  notch.  In  actual  practice,  the 
allowable  response  may  correspond  to 
spacecraft  acceleration  response  or 
strain  at  some  critical  structural 
element  due  to  a  worst-case  flight 
loading.  For  the  perfect  notches  cal¬ 
culated  in  this  paper,  the  deviation 
of  the  response  from  the  allowable  re¬ 
sponse  is  arbitrally  kept  within  a 
il-percent  limit  across  the  entire 
notch.  This  limit  can  be  modified  ac¬ 
cording  to  the  test  equipment  used. 

The  perfect  notches  are  obtained  for 
various  notching  factors,  damping  co¬ 
efficients,  sweep  rates,  and  natural 
frequencies . 
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(4) 


Tin-  loll.iwiiu)  to  mu  no  1  <iqy  is  used 

it:  tuts  pupo r  : 

(  it  po.ik -.imp  1  t  t  udo  ratio  t  ho  ratio 
ul  tin*  poak-rosponso  .imp  1  i  tilde  to 

t  ho  m.ixi  nuim  s  lu.nly-s  t.ito  amplitude; 

(ti)  peak- frequency  ratio  -  the  fre¬ 
quency  ratio  at  which  the  response 
amplitude  is  maximum; 

(o)  nolohiitij  iaolor  the  ratio  of  the 
allowtiblo  response  to  tlie  maximum 
:>  t  oatly-s  tale  response  without 
notch i  m j ; 

(d)  haiulw  lilt  h  of  the  notch  =  f.  -  f, 

(fly.  I); 

(e)  central  frequency  of  the  notch  = 
l/2(f,  +  f  )  (Fig.  1 )  ; 

( f >  initial  frequency  of  the  notch  = 
f  ,  ( F’iq  .  1 )  ;  and 

(y)  final  frequency  of  the  notch  =  f? 

(Fig.  1) . 


Fig.  1  -  Notch 
ASYMPTOTIC  METHOD 

The  generalized  D.Eq.  of  motion  of 
a  single-degree-of- freedom  mechanical 
system  may  be  written  as  follows; 

X  +  J  { T  )  X  =  c  f  (  t  ,  0 , X ,  X)  (1) 

By  setting  e  =  0  in  Eq .  (1),  the  fol¬ 
lowing  solution  is  obtained: 

X  =  a  cos  C 

a  =  0 


■1-  =  w  (2) 

For  the  condition  when  c  /  0,  the 
solution  in  Eq.  (2)  will  be  modified  so 
that  when  e  *0,  the  solution  should  be 
represented  by  Eq.  (2).  The  solution 
is  sought  in  the  following  form: 

X  =  a  cos  v  +  eU, (t ,a,0,v)  (3) 


a  =  cAj  (r,a,0,ili) 
d  =  m  +  cB  ,  (t  ,  a,  0  ,  if) 

After  replacing  a  and  ip  in  Eq .  (3) 
by  the  functions  defined  in  Eq .  (4), 

U,,  A, ,  and  B,  are  selected  to  satisfy 
Eq .  (1)  up  to ' the  order  of  e.  This 
implies  that  the  coefficients  of  e  in 
Eq .  (1)  should  be  equated  to  zero.  To 

obtain  a  unique  solution,  another  con¬ 
dition  is  imposed--that  U,  should  not 
contain  first  harmonics  of  if. 

By  using  Eqs .  (3)  and  (4),  the 
left  side  of  Eq .  (1)  can  be  written  as 
follows : 

X  +  w2X  =  e  [cos  y(DA,  “  288^) 

-  sin  (f(a3w/3T  +  2Aioj 
+  aDB , )  +  D2!^  +  m2U1] 

+  e2[  ]  +  .  .  .  (5) 


where 


D  v(t) 


w 


3_ 

3  ip 


By  expanding  the  right  side  of 
Eq .  (1)  into  Taylor's  series, 

cf It , 0 , X,X)  =  £f(T,0,Xo,Xo) 

+  e2[  ]  +  .  .  .  (6) 


where 


X0  =  a  cos  if 
X0  =  -aw  sin  if 

By  expanding  f (t , 0 ,X0 ,X0 )  into  Fourier 
series  , 

f(T,0,Xo,Xo)  =  F(i,0,a,if) 

=  E  E  lFs,K0  fK  j 

K0  K,  M  1 

•  sin  (Ko0  +  K t  tl<) 

+  Fc,K0,K, 

•  cos  (K0  @  +  K,t|i)  ]  (7) 

The  subscripts  s  and  c  correspond 
to  the  coefficients  of  the  sine  and 
cosine  functions,  respectively.  The 
subscripts  K0  and  K,  correspond  to  the 
coefficients  of  0  and  if,  respectively, 
in  the  argument  of  the  sine  and  cosine 
functions . 


The  functions  a  and  .  are  determined 
from  the  following  D . Eqs  .  : 
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Equating  the  coefficients  of  e  in 
Eqs .  (5)  and  (6)  and  using  Eq.  (7)  re¬ 
sults  in  the  following: 


By  integrating  Eq .  (11)  numerically, 
the  response  amplitude  a  and  phase 
angle  i ii  can  be  obtained. 


D2U,  +  w2U, 


sin  iJj  ( aOw/Oi 


+  2A,ii)  +  aDB ,  ) 


-  cos  ( DA !  -  2aBjij.) 

+  ¥  ¥  [Fs'k»'k> 


•  sin  (K  o  •;  +  K1  ,) 
+  Fc,K0 ,K, 


•  cos  (K/i  +  K,  r)  1  (8) 

Consider  the  resonance  condition: 

v(t)  =  w  (9) 

To  get  a  unique  solution,  the  terms  of 
the  first  harmonics  of  and  those  with 
frequencies  close  to  u.  in  the  right 
side  of  Eq .  (8)  are  equated  to  zero. 
Hence  , 


SINGLE-DEGREE-OF- FREEDOM  MECHANICAL 
SYSTEM 


J1 


J 


Fig.  2  -  Single-degree-of- freedom 
mechanical  system 

Consider  a  single-degree-of- 
freedom  mechanical  system  as  shown  in 
Fig.  2.  The  D.Eq.  of  motion  for  the 
system  is  as  follows: 

MZ  +  C(Z  -  Y)  +  K  ( Z  -  Y)  =  0  (12) 


sin  il/(a3u)/a:  +  2A,ijj  +  aDB,) 


Let 


-  cos 

+  Fs, 

il(DA,  -  2a 

o,i  sin  ij;  + 

i  B  ,  w) 

FC,  o  , 

,  COS 

+  Fs, 

,  ( 0  sin  0  + 

FC,  1  , 

,  0  COS  •• 

=  0(10) 

By 

solving  Eq . 

.  (10) 

for  Aj 

and  B, 

and  substituting  into  Eq .  (4),  the  fol¬ 

lowing  is  obtained: 


•  f  i  i 

a  —  eFs ,  „  f  ,/(u  -  r;  ta(jw/3't)/u. 


X  =  Z  -  Y 

Y  =  -A ( 1 )  cos  (13) 

Substituting  X  into  Eq .  (12)  and 
rearranging  the  terms  results  in  the 
fol lowing : 

X  +  .  2X  =  A ( i  )  cos  ;  -  2 UnX  (14) 
Hence , 

<:  f  ( t ,  v  ,  X , ,  X  „ )  =  A  (  t  )  cos  'j 


r  P 

cos  ( 0  -  ; ) 

+ 

2^2a 

sin  .  (15) 

eFS, 1 , o 

V  +  u- 

CFC, 1 , 0 

2  E  Fc , 

sin  (0  -  » ) 

So, 
Eq.  (7), 

by  comparing  Eq . 

(15)  with 

3 

+ 

:> 

EFs,c, 

,  1  = 

2' 4,  a 

,  o  ,  i/<a“) 

-FC,c, 

,  1 

0 

c  F 

Lrs,  1  ,o 

sin  (0  -  v) 

'  Fs  ,  .  , 

0 

a  ( v  +  w) 

p ; 

£FC,  1  ,  0 

cos  (0  -  ;  ) 

(11) 

■Fc,., 

A  ( : ) 

(16) 

a(V  +  u;) 
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Using  Eq.  (11),  the  following 
solution  for  Eq  .  il4)  cun  ho  obtained: 

X  a  cos  (  -  :  ) 


a  -  -  ini  +  A  (  : 


sin  ( ; ) 
•  f  n 


.  .  .  cos  ( ; ) 

'  n  A 1 1  *  3TT  +  •  “ ) 


(17) 


where  : 


By  integrating  Eq  .  (17)  numeri¬ 
cally,  the  amplitude  a  and  phase  angle 
:  can  he  obtained.  The  amplitude  a  of 
the  absolute  acceleration,  2,  can  be 
obtained  by  the  following  reLation: 

a  =  [  ( a\.  •'  +  A  cos  ■; )  '' 

+  A'  sin-'  1  ]  1  -  ( 18) 


RESULTS 

Response  amplitude  is  obtained  by 
integrating  Eq .  (17)  by  the  Rounga 

Kutta  method  for  a  and  y  and  using 
Eq .  (18).  The  responses  are  calculated 
for  unnotched  excitation  ty  varying  the 
damping  coefficient,  the  sweep  rate, 
and  the  natural  frequency.  Typical 
responses  are  given  in  Figs.  3  and  4. 
Perfect  notches  and  the  responses  are 
calculated  by  varying  the  notching  fac¬ 
tor,  the  damping  coefficient,  the  sweep 
rate,  and  the  natural  frequency.  Typi¬ 
cal  perfect  notches  and  responses  are 
presented  in  Figs.  5,  6,  and  7.  The 
peak- amplitude  and  the  peak- frequency 
ratios  are  plotted  vs  damping  coeffi¬ 
cients  for  sweep  rates  (2  octave/min, 

4  octave/min)  and  for  natural  frequen¬ 
cies  of  8  and  25  Hz  in  Figs.  8  and  9, 
respectively.  The  initial-  and  final- 
frequency  ratios  of  the  notch  are  plot¬ 
ted  vs  the  notching  factor  for  the  nat¬ 
ural  frequencies  of  8  and  25  Hz  in 
Figs.  10  and  11,  respectively. 
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Fig.  4  -  Response  for  swept  excitation 
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Fig.  5  -  Response  for  swept 
notched  excitation 
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Fig,  6  -  Response  for  swept 
notched  excitation 


Fig.  3  -  Response  for  swept  excitation 
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Fig.  7  -  Response  for  swept 
notched  excitation 
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Fig.  10  -  Initial-  and  final-frequency 
ratio  for  a  perfect  notch 


Fig.  8  -  Peak-amplitude  ratio 
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Fig.  11  -  Initial-  and  final-frequency 
ratio  for  a  perfect  notch 

CONCLUSIONS 

On  the  basis  of  these  results,  the 
following  general  conclusions  can  be 
drawn . 

(a)  The  peak  amplitude  of  the  response 
occurs  at  the  excitation  frequency 
higher  than  the  natural  frequency. 
The  peak-frequency  ratio  increases 
for  higher  sweep  rates  and  for 
lower  damping  coefficients  and 
natural  frequencies. 


Fig.  9  -  Peak- frequency  ratio 


f 


external  excitation 


1 1  )  I'Uc  pi  . is  ,nv.|  ■  1  i  •  udv  uf  the  response 
1 . >  K's.i  thin  tile  maximum  steady- 

.1'  .it  f  .It'.lp  1  i  t  tide  .  Till*  po.lk- 

iniplitude  rat  in  im-ivasii's  for 
higher  n.it  ur.i  i  f  requeue Lou  and 
damping  coefficient;;  and  for  Lower 
sweep  rates. 

(c)  The  oscillatory  behavior  of  the 
response  amplitude  after  reaching 
peak  amplitude  increases  for  lower 
damping  coefficients  anil  natural 
frequencies  and  for  higher  sweep 
rates  . 

(d)  The  bandwidth  uf  the  notch  in¬ 
creases  for  higher  damping  coeffi¬ 
cients  anti  for  lower  notching 
fact; ors . 

(e)  The  cent r.i  1- f requency  ratio  of  the 
notch  is  higher  than  unity.  It 
increases  for  higher  damping  co¬ 
efficients  and  sweep  rates  and  for 
lower  notchinq  factors. 

(f)  Knowing  the  notching  factor,  the 
damping  coefficient,  the  natural 
frequency,  and  the  sweep  rates, 
one  can  determine  the  bandwidth 
and  the  central  frequency  of  the 
notch  from  graphs  similar  to 
Figs.  1.0  and  11. 

Study  on  the  shape  of  the  notch  is 
being  conducted  by  the  author.  From 
the  preliminary  data  it  appears  that 
the  perfect  notch  is  closer  to  the  rec¬ 
tangular  notch  for  lower  natural  fre¬ 
quency  and  closer  to  the  triangular 
notch  for  higher  natural  frequency. 
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NOMENCLATURE 

X  normalized  coordinates 

a  amplitude  of  the  response 

natural  frequency 


i  1  0  small  parameter 

i  =  1. 1  slow  time 

!‘  =  v  frequency  of  excitation 
,  phase  angle 

M  mass  of  the  system 

c  damping  coefficient 

K  stiffness  constant 

critical  damping  factor 
Y  base  displacement 

Z  mass  displacement 

A  amplitude  of  base  acceleration 

D.Eq.  differential  equations 
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EFFECTS  OF  FLIGHT  CONDITIONS  UPON  GUNFIRE 
INDUCED  VIBRATION  ENVIRONMENT 


J.A.  Hutchinson  and  B.  G.  Musson 
LTV  Aerospace  Corporation 
V ought  Aeronautics  Division 
Dallas.  Texas 


This  paper  discusses  the  statistical  characteristics  of  the  structural 
response  measured  on  the  A-7  airplane  while  firing  the  MCI  rapid-fire 
gun.  The  amplitude  versus  frequency  plots  from  narrowband  analysis 
and  amplitude  histogram  plots  which  are  presented  provide  a  graphic 
presentation  of  the*  gunfire  signal  characteristics.  A  discussion  of  the 
relationship  between  the  flight  conditions  and  the  measured  gunfire 
vibration  levels  along  with  the  significance  of  these  relationships  in 
terms  of  qualification  requirements  is  also  presented. 


INTRODUCTION 

Rapid  fire-rate,  large  caliber  guns  are 
being  used  to  aid  in  the  fulfillment  of  the  ever 
increasing  requirement  for  more  "fire  power" 
on  modern  military  aircraft.  At  the  Vought 
Aeronautics  Division  (VAD)  of  the  LTV  Aero¬ 
space  Corporation,  the  General  Electric  M-61 
20  mm  multi-barrel  gun  is  mounted  in  the  for¬ 
ward  fuselage  section  of  the  A-7D  and  A-7E 
Airplanes.  The  introduction  of  this  gun  to  the 
A-7  aircraft  raised  several  questions  regarding 
the  effect  of  the  gunfire  induced  environment  on 
the  weapon  system.  It  is  necessary  to  correctly 
describe  the  structural  response  to  the  gunfire 
excitation  to  be  able  to  evaluate  the  effects  of 
the  vibratory  environment  on  subsystems  and 
components.  With  this  requirement  in  mind  and 
because  of  the  scarcity  of  published  informa¬ 
tion,  an  in-flight  vibration  measurement  pro¬ 
gram  was  conducted. 

Random  vibration  analysis  methods  were 
used  to  obtain  a  description  of  the  statistical 
properties  of  the  analog  signals.  It  was  readily 
apparent  that  the  structural  response  to  gunfire 
had  amplitude  and  wave  form  characteristics 
which  set  it  apart  from  the  flight  environment 
resulting  from  boundary- layer,  buffet,  and 
engine  induced  excitation.  "Shotgun"  plots  of  all 


firings  indicated  a  scatter  of  response  ampli¬ 
tudes  too  great  for  direct  use  in  qualification 
specifications.  Such  scatter  can  be  reduced  to 
reasonable  limits  when  the  measurements  are 
grouped  according  to  certain  ail  plane  maneuver 
parameters. 

This  paper  discusses  the  statistical  prop¬ 
erties  of  the  structural  response  to  gunfire 
excitation  and  the  correlation  of  vibration 
amplitudes  with  airplane  maneuver  parameters. 

An  early  consideration  was  the  question  of 
how  to  qualify  electronic  equipment  to  this 
environment.  Results  of  analyses  of  the  mea¬ 
sured  data  led  to  the  development  of  a  method 
to  simulate  the  gunfire  induced  response  in  the 
laboratory  using  a  repeated  pulse  signal  for 
shaker  excitation.  This  technique  is  reported 
in  reference  1. 

INTERPRETATION  OF  GUNFIRE  SIGNAL 

Typical  gunlire  vibration  data,  measured 
in  the  vicinity  of  the  M-Gl  gun  nur/xle  is  pre¬ 
sented  in  Figure  la.  Hctercneo  1  characterised 
the  data  as  a  train  ot  periodic  pulses.  As  can 
be  seen  from  this  figure,  the  vibration  environ¬ 
ment  produced  bv  the  M-f  l  gun  resembles  a 
series  of  shock  pulses  spaced  It*  milliseconds 
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apart.  The  time  lapse  between  pulses  corre¬ 
sponds  to  the  time  between  successive  rounds 
fired.  The  amplitude  of  the  pulses  increases 
for  the  first  few  rounds  and  then  becomes  rel¬ 
atively  constant  throughout  the  remainder  of  the 
steady-stale  firing.  Since  the  time  between 
successive  rounds  is  relatively  short,  the  air¬ 
plane  structural  response  does  not  decay  be¬ 
tween  each  independent  round,  but  tends  to 
average  the  effect  of  each  successive  pulse  to 
establish  a  quasi-stable  vibration  level  within 
the  airplane  structure  as  shown  in  Figure  la. 
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Figure  1.  Time  History  of  Flight  Gunfire  Environment 


During  normal  M-61  gunfire,  it  requires  ap¬ 
proximately  five  rounds  to  obtain  the  selected 
firing  rate  and  approximately  five  rounds  are 
used  during  the  gun  "shutdown"  process.  The 
firing  rate  frequency  is  varying  continuously 
between  0  and  100  Hz  during  both  of  these  inter¬ 
vals.  As  can  be  seen  in  Figure  lb  the  amplitude 
of  the  vibration  environment  is  unsteady  during 
these  intervals.  The  amount  of  amplitude  fluc¬ 
tuation  present  in  the  measured  gunfire  data 
during  spin-up  and  shut-down  is  dependent  upon 
the  distance  from  the  gun  muzzle  and  the  dy¬ 
namic  characteristics  of  the  airplane  structure 


upon  which  the  data  was  measured.  That  is, 
when  the  fundamental  frequency  of  the  support¬ 
ing  structure  is  lower  than  the  steady-state 
firing  frequency,  then  the  structure  will  be 
excited  primarily  during  spin-up  and  shut-down 
of  the  gun.  However,  the  duration  of  this  phe¬ 
nomena  is  extremely  short,  less  than  10  milli¬ 
seconds  per  gunfire  cycle,  so  the  stress 
accumulation  tends  to  become  insignificant  when 
compared  to  the  stress  buildup  during  the  steady 
state  portion  of  gunfire.  Since  the  spin-up  and 
shut-down  portions  of  gunfire  are  of  such  short 
duration  and  do  not  contribute  significantly  to 
the  fatigue  analysis,  it  was  decided  that  the  first 
five  and  last  five  rounds  of  each  gunfire  cycle 
would  not  be  included  during  gunfire  analysis. 

From  correlation  analysis  of  variuus  gun¬ 
fire  signals,  it  was  determined  that  the  vibra¬ 
tion  measured  at  the  majority  of  locations 
the  Mrpl&Wfe  structure  4#  mnwm'.Uc’aU'j 
induced  by  the  muzzle  blasi.  rather  than  by  the 
recoil  of  the  gun  itself.  Hence,  the  maximum 
vibration  environment  induced  by  the  gunfire  is 
found  adjacent  to  and  forward  of  the  gun  muzzle, 
as  ura  would  expect  based  en  this  assumption 
Typical  amplitude  spectra  obtained  from  three 
locations  in  the  vicinity  of  the  M-61  gun  on  the 
A-7D  airplane,  are  shown  in  Figures  2,  3,  and 
4.  These  plots  were  obtained  from  the  Fourier 
aly  «u  pfetf  r'a  on  the  toxatute  4  gut  ttre 
:  gnal  using  an  analyzer  filter  with  a  nominal 
bandwidth  of  10  Hz.  As  was  discussed  in  Ref¬ 
erence  1,  from  an  examination  of  these  ampli¬ 
tude  spectra,  it  became  apparent  that  the  gunfire 
environment  was  composed  of  a  shaped  broad¬ 
band  random  signal  with  superimposed  discrete 
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Figure  2.  Amplitude  Spectrum  of  Flight  Gunfire 

Within  60  In.  of  Gun  Muzzle  Using  10  Hz 
Analysis  Filter 
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Figure  3.  Amplitude  Spectrum  of  Flight  Gunfire 

Within  40  In.  of  Gun  Muzzle  Using  10  Hz 
Analysis  Filter 
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FREQUENCY  -  Hz 


Figure  4.  Amplitude  Spectrum  of  Flight  Gunfire 

Within  20  In.  of  Gun  Muzzle  Using  10  Hz 
Analysis  Filter 

signals  centered  at  the  firing  rate  frequency 
and  its  harmonics.  When  these  particular  gun¬ 
fire  signals  were  analyzed  using  a  2  Hz  filter, 
the  amplitudes  of  the  narrowband  signals  did 
not  change,  indicating  they  are  sinusoidal  in 
nature.  The  results  of  a  2  Hz  narrowband  anal¬ 
ysis  are  shown  in  Figure  5.  Because  of  the 
signal's  complex  nature,  the  Fourier  analysis 
alone  does  not  fully  describe  the  intrinsic 
properties  of  the  gunfire  signal.  Therefore, 
amplitude  histogram  analyses  were  performed 
so  that  the  peak  amplitude  distribution  could  be 
determined. 

An  amplitude  histogram  analysis  of  the 
broadband  gunfire  signal  produces  the  curve 
shown  in  Figure  6.  This  curve  has  a  Gaussian 
shape  indicating  a  random  amplitude  distribu¬ 
tion.  However,  when  the  gunfire  signal  is 


FREQUENCY  Hz 


Figure  5.  Amplitude  Spectrum  of  Flight  Gunfire 

Within  25  In.  of  Gun  Muzzle  Using  2  Hz 
An.ilysis  Filter. 


ACCELERATION  ~  G (PEAK) 

Figure  6.  Amplitude  Historgram  of  Overall  Flight  Gunfire 
Signal  Within  2b  In.  of  Gun  Muzzle 


prefiltered  by  passing  it  through  a  narrowband 
filter,  centered  at  each  of  the  discrete  periodic 
signals  present  in  the  amplitude  spectrum  shown 
in  Figure  4.  the  resultant  amplitude  histograms 
indicate  that  the  lower  harmonies  tend  toward  a 
constant  amplitude  distribution  in  varying  de¬ 
grees.  The  amplitude  histograms  of  these  typi¬ 
cal  prcfiltercd  signals  are  presented  in  Figure 
7.  From  a  review  of  these  figures  it  can  be  seen 
that  the  gunfire  fundamental  and  the  first  two  or 
three  harmonic  frequencies  indicate  a  rather 
constant  amplitude  distribution  with  the  remain¬ 
ing  higher  order  harmonics  indicating  a  succes¬ 
sively  increasing  random  amplitude  character¬ 
istic.  The  increase  in  random  characteristics 
at  the  higher  harmonics  is  due  in  part  to  the 
randomly  distributed  firing  rate  deviations 
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Figure  7.  Amplitude  Histogram  of  Prefiltered  Flight  Gunfire  Using  80  Hz  Filter 


which  produce  ;i  nominal  fluctuation  of  1  O' i-  in 
the  gunfire  fundamental  and  harmonic  frequen¬ 
cies.  This  is  reinforced  by  the  tuning-detuning 
effect  of  the  aircraft  structure  resulting  from 
the  changing  flight  loads  during  the  time  the 
gunfire  maneuver  was  being  performed. 

Because  of  the  quantity  of  data  obtained 
during  the  flight  test  gunfire  program  and  the 
necessity  to  develop  qualification  requirements 
to  be  applied  in  the  procurement  of  new  avionics 
systems,  the  time  was  not  available  to  perform 
narrowband  analyses  on  all  measured  gunfire. 
Therefore,  one-third  octave  band,  rather  than 
narrowband,  analyses  were  performed  on  most 
of  the  data  because  of  the  relative  ease  and 
speed  with  which  numerous  records  can  be  pro¬ 
cessed.  To  convert  the  root- mean-square  (RMS) 
acceleration  levels  obtained  from  the  one-third 
octave  band  analysis  to  peak  acceleration  levels 
for  use  in  qualification  requirements,  it  was 
necessary  to  get  some  ideas  of  the  peak  distri¬ 
butions.  This  was  accomplished  by  performing 
amplitude  histogram  analyses  on  selected  sig¬ 
nals  passed  through  one-third  octave  filters. 

The  peak  to  RMS  ratios  obtained  from  these 
histograms  for  90  and  95V  confidence  levels 


at  one  location  are  plotted  in  Figure  8.  It  can 
be  seen  from  this  figure  that  a  ratio  of  three 
should  give  a  reasonable  confidence  at  the  high¬ 
er  frequencies  and  should  be  very  conservative 
at  the  gunfire  lower  harmonic  frequencies. 
Therefore,  for  the  purposes  of  setting  qualifi¬ 
cation  test  levels  it  was  decided  at  VAD  to  use  a 
ratio  of  3  on  the  measured  RMS  acceleration 
level  in  obtaining  the  peak  acceleration.  Since 
the  total  gunfire  lasts  only  a  small  portion  of 
the  total  design  life  of  the  A- 7  airplane,  the 
duration  of  the  gunfire  qualification  tests  was 
set  for  the  total  expected  in-flight  gunfire 
exposure  time. 


FREQUENCY  -  Hz 


Figure  8.  Peak  to  RMS  Acceleration  Ratio  at  Each 
One-Third  Octave  Filter  Center  Frequency 
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EFFECTS  OF  AIRPLANE  FLIGHT 
PARAMETERS 

The  structural  response  to  gunfire  excita¬ 
tion  was  measured  in  flight  at  a  number  of  loca¬ 
tions  in  several  A-7D  and  A-7E  aircraft. 
Repeated  measurements  wore  made  at  selected 
locations  to  increase  the  statistical  reliability 
of  the  data,  since  the  data  samples  were  of 
short  duration.  The  gunfire  vibration  measure¬ 
ment  program  was  combined  with  other  arma¬ 
ment  demonstration  programs  and  the  number 
of  gunfire  flights  were  limited;  therefore,  to 
obtain  the  maximum  number  of  measurements, 
data  were  recorded  tor  each  firing  without  re¬ 
gard  to  airplane  maneuver  parameters.  Mea¬ 
surements  at  individual  locations  were  initially 
analyzed  as  one  data  block  even  though  they 
were  not  recorded  under  identical  conditions. 

As  stated  earlier,  due  to  time  limitation, 
complete  analysis  was  not  performed  on  all 
signals.  Rather,  one-third,  octave  pass  band 
analysis  was  employed  on  the  bulk  of  the  data 
to  record  the  maximum  root-mean-square 
(RMS)  level  obtained  in  each  filter  band-pass 
during  the  quasi-stable  portion  of  the  gunfire 
signal.  The  analyzer  output  was  entered  into  a 
digital  computer  fer  data  storage  and  presenta¬ 
tion  in  the  form  of  amplitude  versus  frequency 
plots.  A  typical  one-third  octave  amplitude  plot 
of  the  aircraft  structural  response  to  the  gun¬ 
fire  induced  vibration  environment  is  shown  in 
Figure  9.  From  an  examination  of  this  figure, 
one  can  see  the  variation  in  the  vibration  ampli¬ 
tude  that  w>s  experienced  over  a  range  of  varied 
flight  conditions.  Presently,  a  commonly  used 
method  to  establish  the  upper  limit  of  vibration 
amplitudes  is  to  multiply  the  maximum  mea¬ 
sured  values  by  some  scatter  or  uncertainty 
factor  and  envelop  the  products.  However,  in 
the  case  of  gunfire,  where  the  flight  conditions 
can  be  expected  to  influence  the  overall  gunfire 
vibration  levels  in  varying  degrees,  the  method 
of  enveloping  the  maximum  amplitude  spectrum 
obtained  during  a  set  of  varying  flight  conditions 
may  yield  unreliable  vibration  environments. 
That  is,  if 'the  maximum  vibration  spectrum  is 
obtained  during  a  sei  of  flight  conditions  only 
occurring  at  rare  occasions  then  the  resultant 
vibration  environment  rnay  be  unrealistic  in 
terms  of  the  design  requirements  of  the  air¬ 
craft.  From  a  qualitative  standpoint,  flight 
parameters  such  as  airspeed,  altitude,  maneu¬ 
ver  load,  etc. ,  should  influence  the  measured 
gunfire  vibration  level.  As  an  example,  when 
the  aircraft  is  performing  a  high  "g"  maneuver, 
the  aircraft  structure  experiences  a  subsequent 


increase  in  internal  stress,  thereby  removing 
the  play  in  structural  joints.  This  should  in¬ 
crease  the  vibration  transmissability  throughout 
the  aircraft  structure.  Also  as  was  stated  ear¬ 
lier,  the  primary  source  of  gunfire-induced 
vibration  is  from  the  muzzle  blast  which  is 
acoustically  transmitted  and  impinges  upon  the 
aircraft  structure.  At  higher  altitudes,  the 
acoustical  effects  should  be  less  duo  to  decreas¬ 
ing  atmospheric  density. 

To  establish  quantitative  values  of  the  effect 
certain  independent  flight  parameters  have  on 
the  overall  gunfire  vibration  level,  the  mea¬ 
sured  data  were  grouped  in  like  maneuver 
blocks.  That  is,  only  data  recorded  during  the 
same  airspeed,  altitude,  and  maneuver  load 
were  plotted  together.  Results  of  this  type  of 
data  grouping  arc  shown  in  Figure  10  where  the 
vibration  data  are  grouped  into  the  seven  data 
blocks  as  listed  in  Table  I. 

TABLE  I 


Data 

Group 

Airspeed 

Knots 

Altitude 

Feet 

Maneuver 

Load 

A 

424 

4,500 

4. 1 

B 

435 

4,600 

3.8 

C 

282 

28,600 

3.4 

D 

437 

7.500 

3.  1 

F 

252 

36,800 

2.0 

G 

270 

38.000 

1.0 

As  can  be  seen  from  this  figure,  the  data 
scatter  for  the  overall  gunfire  vibration  level 
in  each  group  of  like  flight  parameters  is 
approximately  4  db  as  compared  with  20  db 
scatter  when  all  data  were  plotted  as  in  Figure 
9.  As  one  might  expect,  the  airspeed,  distance 
from  the  gun  muzzle,  and  airplane  maneuver 
load  had  a  large  influence  on  the  overall  vibra¬ 
tion  amplitude  during  gunfire.  However,  this 
type  of  procedure  produces  only  a  rough  approx¬ 
imation  of  the  amount  each  flight  parameter 
affects  the  overall  gunfire  environment,  be¬ 
cause  of  the  complex  inter-relationship  between 
the  many  possible  flight  parameters.  Because 
of  the  coupling  between  the  various  flight 
parameters  and  the  necessity  to  increase  the 
accuracy  in  the  predicted  gunfire  environment 
at  locations  and  flight  parameters  where  no 
measured  data  arc  available,  a  more  analytical 
determination  method  was  needed. 
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nances:  they  ;iiv  ;iftn:illy  (Ilk-  to  the  gunfire  rate  :uul 
the  harmonics.  Now  tile  shape  of  the  broadband 
background  i.s  influeneed  by  the  local  slrueture  or 
I'aiud  resonance.  During  a  nongunfirc  condition  the 
general  background  will  be  there  at  a  much  lower 
level. 

Mr.  liaker:  There  are  pressure  transducers 
that  do  have  low  acceleration  sensitivity  that  mi  gilt 
have  helped  if  yon  had  used  them. 

Mr.  linear  (Bolt  Bei'anek  and  Newman):  The 
title  id'  your  paper  was  the  effect  of  flight  conditions 
on  gunfire-induced  vibration  environments  Inil  unless 
I  missed  something  you  did  not  really  tell  us  what 
effect  the  flight  conditions  had.  All  I  saw  was  a 
large  scatter  of  data.  Do  you  have  :ui.v  real  feel  of 
what  the  effects  of  flight  conditions  are?  What  are 


the  physical  reasons  that  flight  conditions  should 
ilfei  t  what  gunfire  does  to  your  .structure? 

Mr.  Hutchinson:  We  recorded  the  maxiinuin 
vibration  levels  during;  low  altitude,  high  airspeed 
and  high  maneuver  loads.  We  recorded  the-  lowest 
levels  during  a  high  altitude,  low  airspeed,  low 
maneuver  loads.  I  do  not  want  to  imply  this  as 
linear  with  the  airspeed  altitude  maneuver  |o;uls.  It 
is  not,  and  right  now  we  are  trying  to  determine  how 
il  is  affected.  We  are  trying  to  come  up  with  a  way 
to  predict  the  gunfire  levels  al  other  locations  where 
we  have  no  measured  data,  l.'ndcr  any  hypothetical 
flight  conditions  we  will  hopefully  lie  able  to  come  up 
with  a  reasonable  vibration  environment.  Bight  now. 
1  cannot  till  you  how  the  airspeed,  altitudes  and 
maneuver  loads  affect  tilings. 
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(.’urrontlv  at  VAD  computer  routines  are 
l)oi nr,  used  to  implement  additional  statistical 
evaluation  methods  such  as  described  in  Refer¬ 
ence  2.  This  procedure  describes  the  spectrum 
response  level  in  terms  of  independent  variables 
which  influence  the  flight  vibration  environ¬ 
ment.  The  method  by  which  the  independent 
variables  are  selected  is  most  important,  since 
the  accuracy  of  the  calculated  spectrum  levels 
depends  upon  the  correct  choice  of  the  indepen¬ 
dent  variables. 

Initiallv.  the  information  obtained  from  the 
empirical  determination  of  the  effects  of  flight 
parameters  upon  gunfire  vibration  levels  are 
being  used  in  selecting  the  form  of  the  indepen¬ 
dent  variables.  Kvaluation  of  the  preliminary 
results,  using  this  method,  lias  indicated  a  fair 
degree  of  correlation  between  the  predicted  and 
measured  gunfire  spectrum.  Further  refinement 
in  the  selection  of  the  independent  variables 
which  are  to  be  used  in  this  procedure  is 
continuing. 

CONCLUSIONS 

The  structural  response  to  gunfire  excita¬ 
tion  results  in  a  classic  example  ol  a  complex 
signal,  and  appropriate  analysis  methods  must 
be  used  to  describe  the  signal.  Analysis  of 
measured  gunfire  response  shows  the  unique 
character  of  the  gunfire  vibration  which  sets  it 
apart  from  other  flight  induced  excitations.  It 
is  important  to  remember,  when  interpreting 
vibration  signals  produced  by  a  rapid-fire  large 
caliber  gun.  that  the  Fourier  analysis  yields 
only  a  part  of  the  story.  Additional  information 

DISCI 

Mr.  Raker  (Southwest  Research  Institute):  You 
mentioned  earlier  in  your  talk  that 'you  diiTuIe  micro¬ 
phones.  Were  these  located  within  the  aircraft 
structure  ? 

Mr.  Hutchinson:  The  only  one  inside  the  aircraft 
structure  was  in  the  cockpit.  We  had  them  located 
inside  the  end  of  the  duct,  along  the  sidewalls,  and 
down  the  side  of  the  fuselage.  On  the  ground  we  had 
them  in  the  hlastport  area  and  stationed  In  the  near 
field  perpendicular  to  the  gun. 

Mr.  Raker:  They  were  essentially  all  outside 
the  aircraft  then? 

Mr  Hutchinson:  Yes.  and  they  were  flush 
mounted. 


must  be  obtained  from  correlation  analysis  and 
from  narrowband  amplitude  probability  analysis 
on  the  gunfire  signal.  The  gunfire  response  may 
be  best  described  as  a  series  of  periodic  signals 
with  varying  amplitudes  occurring  at  the  gunfire 
rate  and  its  harmonics  superimposed  on  a  broad 
band  random  background.  Since  gunfire  mea¬ 
surements  are  usually  obtained  for  a  large  num¬ 
ber  of  airplane  flight  conditions,  a  wide  scatter 
in  amplitudes  will  occur.  Consequently,  the 
flight  conditions  during  which  the  gunfire  data 
were  measured  must  be  considered  when  devel¬ 
oping  vibration  qualification  requirements. 

Quantitative  effects  of  the  airplane  maneu¬ 
ver  parameters  on  the  overall  gunfire  environ¬ 
ment  cim  be  evaluated  empirically  through  the 
use  ol  measured  response  amplitudes.  Contin¬ 
uing  work  on  gunfire  environment  at  VAD  in¬ 
cludes  evaluation  of  weighting  coefficients  for 
the  maneuver  parameters  and  application  of  this 
information  to  predicting  gunfire  response  at 
locations  and  flight  conditions  for  which  flight 
measurements  are  not  available 
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SSI  ON 

Mr.  Bilker:  You  did  not  report  any  data  from 
those.  Did  you  get  pressure  signals  from  them? 

Mr.  Hutchinson:  We  did  during  flight.  We  did 
not  get  gunfire  data.  Our  pressure  data  on  the  ground 
was  not  very  good  because  the  signals  messed  up  our 
pickups. 

Mr.  Baker:  Your  accelerometers  of  course 
showed  many  different  frequencies  in  the  response. 
Were  they  mounted  on  the  inside  of  skin  panels  or 
where?  I  suspect  that  many  of  these  frequencies 
may  be  resonances  in  local  panels. 

Mr.  Hutchinson:  Practically  all  that  data  I 
showed  is  from  microphones  mounted  on  hard  Io:ul- 
bearing  structure.  The  spikes  arc  not  panel  rcso- 
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THE  BOX  CAR  DYNAMIC  ENVIRONMENT 


Robert  W.  Luebke 
Ci.0/Bt<0  Ra  i  1  roar!  Cor  pan  i  c-s 
Baltimore,  Maryland 


The  continuous  or  over- the- road  vibration  environment 
within  present  day  railroad  merchandise  freight  car 
equipment  is  defined  in  terms  of  frequency  spectrograms, 
power  spectral  density  curves,  and  curves  of  peak-to- 
peak  accelerations  versus  speed  and  load.  The  effects 
of  suspension  system  changes  being  introduced  in  the 
industry  are  also  presented.  This  paper  is  based  on 
the  results  of  a  joint  effort  on  the  part  of  the  C&O/ 
B&O  Railroad  Companies  and  the  Office  of  High  Speed 
Ground  Transportation  of  the  U.  S.  Department  of 
Transportation  to  define  the  vibration  environment  and 
the  effect  of  its  major  variables. 


In  May  of  1969,  the  C&O/B&O 
Railroad  Companies  and  the  Office  of 
High  Speed  Ground  Transportation  of 
the  U.  S.  Department  of  Transportation, 
commenced  a  joint  effort  to  define  the 
vibration  environment  within  present 
day  freight  cars.  This  study  was  pri¬ 
marily  concerned  with  the  continuous 
over  the  road  environment  rather  than 
the  infrequent  single  pulse  inputs 
which  are  caused  by  yard  switching, 
switches,  turn  outs,  and  slack  run  in 
and  run  out. 

The  basic  intent. of  this  paper  is 
to  provide  design  data  for  packaging 
engineers  and  product  designers  so 
that  realistic  limits  can  be  set  on 
product  strength  and  cushioning  re¬ 
quirements.  Previously  submitted  data 
has  given  an  exaggerated  vibration 
envelope  for  rail  transportation.  If 
the  packaging  engineer  used  these  pre¬ 
vious  vibration  envelopes,  his  product 
would  have  been  so  o\ erprotected  that 
the  package  in  many  cases  would  cost 
more  than  the  product  itself. 


The  vibration  environment  within 
present  rail  cars  can  be  broken  dawn 
into  3  categories:  (1)  Impact  shock 
due  to  coupling  of  cars  in  yards; 

(2)  Impact  type  inputs  from  road 
crossings,  turn  outs,  and  switches. 

(3)  Continuous  input  from  rail  joints, 
ties,  and  subgrade.  The  last  category 
comprises  about  90%  of  the  input  to 
commodities  and  is  the  cause  of  reso¬ 
nant  damage  to  packages.  The  first 

2  categories,  while  more  severe,  only 
occur  10%  of  the  time  a  package  is  in 
transit.  Furthermore,  these  impact 
type  shocks  are  considerably  lower 
than  those  experienced  in  the  material 
handling  environment. 

Because  most  engineers  design 
their  packages  to  protect  products 
from  the  inputs  received  in  the  mate¬ 
rials  handling  environment,  the  single 
impact  type  inputs  from  the  in  transit 
rail  environment  have  little  effect  on 
the  single  package.  The  effect  of  im¬ 
pact  and  vibration  inputs  on  stacks  of 
packages  is  another  story  altogether. 


141 


1 '  ::l  ‘  n  i'  .  •  1  y ,  ros!  ,'omoi  1 1  '  i  os  are 

-ill  i  t  |  •  ■■ !  this  w  iv  ill.!  little  has  been 
!  me  h"  inyene  ex  ’ejit  1'erest  Products 
Labor  V  i  tea,  Mills.':;,  V.i;;o.  t  >  define 
’  1  fi  pro!  let".  1!  1M  i’.e  i  >e.  1  that  tile 

i”. i  :  1  i!  i  1  :  t  y  1  t  ne  i . 1 1  a  iTosontcil  i  n 
'  is  i'aeei  will  s[>ir  additional  re¬ 
nt  •are::  an  the  [art  at  pianuf  aetur*.  rs  to 
•  let  err  i  ne  the  ette.-t  at'  ■•ihr.ition  in¬ 
nate  an  their  pack.i  les  when  stacked 
l  t  s'-;  i  irent  . 

The  1  is  to  intent,  ot  the  toint 
ettart  was,  tl'.erefore,  to  define  the 
env t  romeitt  to  which  packages  or 
slacks  of  packages  were  subjected  for 
the  greatest  amount  of  time.  Conse¬ 
quently,  the  over- the- road  input 
formed  the  basis  for  the  Federal  Rail¬ 
road  Administration  report  "Investiga¬ 
tion  of  art1  -  70  ton  Box  Car  Vibra¬ 
tions".  Those  portions  of  the  report 
which  relate  to  the  Box  Car  environ¬ 
ment  are  the  subject  matter  of  this 
paper.  The  areas  of  interest  are: 

1)  the  effect  of  load  and  speed;  2) 
the  effect  of  primary  suspension 
system  spring  rates;  3)  the  effect  of 
variable  rate  springs;  and  4)  the 
effects  of  truck  designs  on  the  vibra¬ 
tion  environment  within  present  day 
freight  equipment. 

The  tests  were  performed  on  a 
section  of  C&O  railroad  track  just 
west  of  Huntington,  W.  Va.  This  track 
consisted  of  a  vertical  and  a  lateral 
test  section.  The  vertical  test  sec¬ 
tion,  Figure  1,  was  shimmed  to  produce 
a  continuous  vertical  surface  and 
cross  elevation  input  with  a  39-foot 
wave  length.  The  lateral  test  section, 
Figure  2,  was  developed  by  jacking  the 
track  over  at  each  joint  on  the  south 
rail  to  produce  a  periodic  lateral  in¬ 
put  to  the  equipment  being  tested. 

All  tests  except  those  designed  to 
evaluate  track  input  were  made  with 
the  vertical  section  shimmed  to  gener¬ 
ate  staggered  1/2-inch  low  joint  in¬ 
puts  every  19-1/2  feet  and  with  the 
lateral  section  jacked  over  to  gener¬ 
ate  a  1/4-inch  misalignment  input 
every  39  feet.  These  input  levels 
were  designed  to  generate  violent 
actions  in  the  equipment  tested  so 
that  differences  in  performance  would 
be  detected.  These  sustained  inputs 


are  more  severe  than  those  developed 
by  any  normal  main  line  track  and  con¬ 
sequently  can  be  considered  the  maxi¬ 
mum,  or  "worst  case"  continuous  vibra¬ 
tional  input  to  a  box  car  moving  over 
the  road. 

The  data  required  to  define  the 
environment  was  obtained  by  operating 
a  special  test  train,  Figure  3,  over 
the  test  sections  at  speeds  between  10 
and  60  m.p.h.  in  10  m.p.h.  increments. 
The  test  train  included  a  C&O  GP-9 
locomotive  followed  by  a  test  box  car, 
a  ’’control"  box  car,  and  the  DOT  cars 
T-2  and  T-4.  Cars  T-2  and  T-4,  Figure 
4,  served  as  the  instrumentation  and 
track  measurement  platforms.  The  load 
in  the  test  box  car  was  varied  to  ob¬ 
tain  the  effect  of  weight  on  the  vi¬ 
bration  environment  and  the  load  in 
the  "control"  box  car  remained  con¬ 
stant  at  35  tons.  The  control  car 
served  as  a  quality  control  device  to 
insure  that  the  observed  variations  in 
the  test  car  were  due  to  changes  in 
test  parameters  and  not  due  to  an  un¬ 
controllable  change  in  the  test  condi¬ 
tions.  Track  parameter  measurements 
obtained  from  car  T-2  served  as  a  con¬ 
trol  measure  for  track  geometry. 

The  instrumentation  used  to  de¬ 
fine  the  vibration  environment  com¬ 
prised  vertical  and  lateral  acceler¬ 
ometers  mounted  on  the  unsprung  truck 
mass,  Figure  5,  and  on  the  car  floor 
over  the  center  plate.  Figure  6. 

The  vibration  data  recorded  on¬ 
board  the  test  train  at  Huntington, 

W.  Va.  was  processed  with  a  filter 
bank-type  spectral  analyzer  at  the 
Signal  Analysis  Laboratory  of  Melpar, 
Inc.,  Falls  Church,  Virginia.  The 
work  commenced  in  mid-May,  while  the 
data  collection  was  still  in  progress, 
and  ended  in  late  October,  1969. 

The  analog  third-octave  filter 
bank  was  used  to  develop  practical  and 
useful  spectral  displays  for  this 
task.  The  third-octave  filter  bank 
consists  of  31  contiguous  bandpass 
filters,  each  having  a  one- third  oc¬ 
tave  (1.26)  ratio  of  upper- to- lower 
cutoff  frequencies.  The  lower  cutoff, 
or  half- power  frequency  of  this  bank 
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is  17.9  Hz  and  the  upper  1 1  a J  f- power 
frequency  is  22,400  Hz. 

Because  the  data  frequencies, 
recorded  on  the  I'M  tape  recordei 
(Ampex  I'M 300)  aboard  the  test  ti  un 
were  d i  str i baled  trot”  do  (zee..  :  i  •  — 
quenc*/ )  to  over  .00  Hz,  t  be  o  d  i  '  a  • 
was  reproduced  at  00  inches-  ;  •  ■  t  .  •  •- 
ond,  resulting  in  a  spec  iuj  !  i-i-  r 
32  over  Lhe  original  1-7/9  i  ; •: .  i  .  —  i  s— 
incj  speed.  This  speedup  acted  is  ■ 
frequency  multiplier  of  32,  •  i c :  I  . 

quencies  from  0.0  Hz  to  7* >  >  Hz  "■:!  ■ 
then  be  analyzed  on  the  20-2  .,'b1  Hz 
filter  bank.  A  table  of  filter  center 
frequencies,  upper  and  lower  onto!! 
frequencies,  and  their  real  tine 
equivalents  arc  shown  in  I'ejure  7. 

The  block  diagram  of  the  filter 
bank  and  display  apparatus  is  shown 
in  Figure  H.  The  signal  from  the  tape 
recorder  (running  at  on  jpp)  was  fed 
to  the  power  amplifier  input;  Lhi 
output  of  this  amplifier  was  led  .  :ito 
the  entire  bank  of  31  parallel  filters. 
Each  filter  output  was  rectified  (peak 
detected)  and  averaged  in  the  RC  cir¬ 
cuit  following  the  rectifiers.  The  31 
detected  and  smoothed  outputs  were 
then  doubly  connected  to  a  <>4-|ole 
mercury  jet  scanning  switch.  The  ro¬ 
tor  of  this  device  spins  at  3(>0o  rpm, 
sampling  each  filter  every  H.33  milli¬ 
seconds.  In  this  manner,  a  spectral 
scan  occurs  periodically  120  Limes  pox- 
second  . 

The  output  of  the  scanninq  switch 
was  connected  via  an  amplifier  to  the 
vertical  deflection  plates  of  a  CRT. 
This  amplifier  produced  an  out  [lit  pro¬ 
portional  to  the  logarithm  of  the  in¬ 
put  signal  for  moderate  to  high  inpli- 
tude  inputs,  and  was  an.pl  if  icd  linear¬ 
ly  for  low  level  inputs;  hence,  the 
"hybrid"  scale  for  the  vertical  amp] i- 
tude  axes  of  the  spectrograms  shown 
in  this  paper. 

In  order  to  display  frequency  on 
the  horizontal  axis  of  the  vibration 
spectrogram,  a  120  Hz  sawtooth  wave¬ 
form,  synchronized  to  the  mercury  jet 
scanning  switch  rotor,  was  impressed 
on  the  horizontal  plates  on  the  CRT. 
This  waveform  functioned  to  produce  a 
raster,  and  caused  the  lower- to-highcr 


f requeue-/  1  liters  to  l.e  displayed  frexn 
left  to  right  on  the  CRT  screen;  the 
resultant  spectral  displays  were-  re¬ 
corded  on  Polaroid  p:  .*  ,  ir  tphs  lor 
in.ilys  u  . 

V-..  :  i  po'-tia!  lisul  i  •"  or  •-q.ee- 

*.■-(  ir  ii  :  i : .  :  tin  r.  :  :  1 1  I-hb  curves 
:  i-  :  .  !  or  !>.  :  in;  r.  :  t!  >„■ 

i-  .  o  ■  :  rum  ;  j-'.i  "I'.t  :.iy 

!  :.*  i  .  I  ■  !  ur  : r  it  * .  ch 

•  .•  ill  .  1  vr-.t  VI  t  h  1  n 

:  .  •  :  ;  ■  .  u .  -  •  •  :  .  n>- « •  are 

i  :  tire  'i  shows.  th<  no  ret ;  cal 

natural  frequencies  -i  frei  jht  car 

tested  while  1  igurx  1('  -..-s  Lite  forc- 

i n  I  frequencies  avail  d  i ■  to  create 
resonance  ir.  corn- od  1 1 1 si.ijp'd  in 
rill  veil  ic  1  os .  fi  j  re  1]  .«=!.. ,ws  the 
natural  :  requeue  i  u  of  —or j  : .  rul  car 
suspension  systei-  s. 

!‘i  tures  1 2  thn.  :  r.  1 7  show  the 
vi!  ration  ■  ct  r.i  vi  t :  u  :  :  c  car  as 
a  :  .notion  of  l:.t  ]•  it.  t  • . e  car  anti 
the  slice  i  wit-,  wh i eh  t  is  rovir.i. 

F i guros  1".  through  21  s'-v  w  the  inpor- 
tar.ee  or  spec  i  tic  frequency  ranges. 
These  Power  Fj ectr  il  Density  curves 
sh.ow  that  for  th.e  car  teste.:,  there 
are  two  important  frequency  ranaes. 

Tli esc  are  the  fore  ini  frequency  range 
of  o  to  2<>  Hz.  and  t!-,e  car  body  vibra¬ 
tion  range  between  -  '  and  10i  Hz. 

Other  car  designs  will  have  different 
body  bonding  frequencies.  The  lowest 
natural  frequency  input  found  is  7  Hz 
and  is  the-  second  vertical  bending 
rode  of  ir,  P°  foot  flat  car. 

l’i  uires  22  and  2  ?  show  the  peak- 
to-peak  accelerations  on  th.e  car  ''loor 
as  a  function  of  load  and  speed.  The 
ir port  ant  iter  to  note  is  that  as  the 
1  ailing  wci  ih t  decreases,  tb.e  vibration 
amplitude  increases.  Consequent  ly, 
the  packaaini  protection  rust  be  .ire.it- 
er  for  a  product  that  will  be  leaded 
to  one  half  of  rail  car  capacity  than 
one  which  will  bo  loade:  to  full  rail 
car  capacity. 

ii  lures  2-1  and  2"-  slow  tb.e  j  eak- 
to-peak  **ert  leal  and.  lateral  accelera¬ 
tions  as.  a  function  of  presently 
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ow  truck  ■!  it  a  shou  ld  bo  con- 
in  nd  i  c  it  inn  of  t:  1 1 o  future 
ir'  i  i  nnment  within  mcrchan- 


l  it  add  i  I  mu  t.n  the  variable  rate 
,  I  ■ )  ted,  the  i\n  1  road  industry  is  devcl- 
•  i  i  ni  new  froi  |lit  ear  trucks  with  im- 
ii,i"i  l  lule  pialit.y  tor  carrying  fray- 
1 1  n  sensitive  commodities.  The 

nuance  l  i  lew  of  these  trucks  is 
i,  Figures  2M  through  33. 


Ii  is  hoj'ed  that  the  data  present 
i  '-.ill  enable  the  realistic  design  of 
nudity  packaging  and  cushions,  and 
reb','  hell  reduce  in- transit  loss  & 


i'h.e  .  i  ,  1  i  id  1  .  '  i  11  I  1 

engaged  in  Icvl  ij  ii.i  ium  :•  •  i 

systems  which  i  cd  a  t  c  I',  ,  uc  • 

range  an. !  the  imt  !  i  i  i  s  •  g  -  i  m  ,  ’  i  ■  -u 
wi  thin  ou  r  t  i  e  i  ih t  .  ■  g  ■  i  i  vet  i  .  i;  a 
the  methods  ;  resent  1"  r.der  ua-  :  ;«u 
t  ion  to  reduce  the  range  t  a'\t  liable 
damaging  f  t  eguei.c  l  ef  is  tin-  "u  •  iFl  c 
rate  spring.  Tins  non- lineal  sniing 
maintains  a  nearly  constant  natural 
frequency  regardless  of  load,  rod  con¬ 
sequently  would  i  educe  the  day  i  le  po¬ 
tential  of  rail  car  suspensi  -,ii  systems. 
The  performance  of  this  type  of  spring 
is  shown  in  F  i  lures  2n  and  2,’, 


MODIFIED  VERTICAL  TEST  SECTION 


FIGURE  1. 
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RESEARCH  CAR  INSTRUMENTATION 
FIGURE  4 


TRUCK  ACCELEROMETERS 
FIGURE  5 


CAR  BODY  ACCELEROMETERS 
FIGURE  6 
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TABLE  OF  PASSBANDS  OF  1/3-OCTAVE  BAND  FILTERS 


Actual 

Center 

Freauencv 

Actual  Lower 
Cut-Off 

Freauencv 

Actual  Upper 
Cut-Off 

.'reauencv 

Equivalent* 

Center 

Freauencv 

Equivalent* 
Lower  Cut-Off 
Freauencv 

Equ i valent 

Upper  Ci.t-Off 
Freauencv 

20 

17.9 

22.4 

0.625 

0 . 560 

0.700 

CN 

22.4 

28.1 

0.782 

0.700 

0.878 

31.0 

28.1 

3  5.5 

0.983 

0.878 

1.11 

40 

35.5 

44.7 

1.25 

1  .1  1 

1  .40 

50 

44  7 

56.2 

1  .  ~>(j 

1  .40 

1.75 

63 

56.2 

71.0 

1 .97 

1.7. 

2.22 

80 

7’  .0 

89.4 

2.50 

2.22 

2.7'' 

100 

89.4 

111.8 

3.12 

2.79 

3.  50 

125 

111.8 

141.4 

3.o] 

3.50 

1  .42 

160 

141  .4 

179 

5 . 00 

4.42 

")  .  00 

200 

179 

224 

6.25 

5.60 

7 .00 

250 

224 

281 

7.82 

7 . 00 

8 . 78 

315 
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DISCUSSION 


Mr  I'.irinmilcr  (N  iv:il  Weapons  t'cntei.  Chilli 
I  ik>  ):  On  vniir  pr.il  m  ill  sis.  wh.it  was  the  effective 
landw  iiltli  I i  I ti- r ■' 

Mr  l .lit *1  iIm • ;  Tilt-  il:it:i  m  IV  applied  nil  :i  om  - 
tlnnl  octave  filli-r.  tin-  bandwidth  varied  in  aeeor 
.1  iiuv  with  till-  center  I i'i  i|in  in  v.  1  Iv  smallest  haiiil. 
with  a  center  frequency  "I  . ■  i- <nni I  1  1  '2  ID  hail  a 
width -d  ah' ml  ii.:;  i  1 1 .  Out  at  I  ait  II/.  the  bandwidth 
U.I..  mi  tlv  1 1 nli- r  at  I  nil  11/ 

Mr  l’armenler:  Were  tilt-  results  from  this 
sliiilv  incorporated  in  Mil  sl  l)  -> l n 

1U_  I  in-like:  They  have  nut  In-mi  inmii-|)iiratial  in 
Mil  Si'll  .in.  bight  noil  they  are  available  from  the 
Cli-.i  rineh."i-.e.  Tin-  ivpnrt  is  mititlml  "Vilirations 
of  a  fifty  f"ot,  si-vmitv  Ton  Box  Car" 

Mr.  Hughes  (Naval  Weapons  evaluation  Facility): 
I  was  a  little  concerned  that  at  ll  i^cliv  l‘  spurn  I..  ail  vniir 
mn-vi'S  kept  going  up.  I  would  have  expected  the 
energy  in  tin-  frequency  content  to  havu  peaked  mvr. 
N'liu  iiimitiiiiii-il  snnit'  ivsonani'i-,  but  ynii  mnk-il  lip 
with  the  tail  mul  of  the  mirw  higher  than  tin-  peak 
ivsniianm'. 


Mr  l.ui-hki.1:  Thiit  is  right.  Throe  things  arc 
invnlvoil.  The  effect  of  speed  on  this  vibration  en¬ 
vironment  increases  exponentially  from  zero.  Also, 
the  effect  of  track  irregularities  is  exponential. 
Further.  the  frequency  content  of  the  spectrum  in¬ 
creases  in  the  same  manner,  however,  the  high 
frequency  information  is  relatively  constant.  The 
data  that  you  saw  on  the  slides  wits  the  forcing 
frequency  data  below  10  Hz. 

Mr.  (lalof  (TUW  Systems):  For  over  20  years 
now  the  principal,  maybe  the  only,  source  of  data  of 
tlv  type  that  you  are  presenting,  has  been  something 
published  by  Caiins.  I  am  struck  by  the  fact  that  the 
levels  you  seem  to  lie  reporting,  even  though  you  are 
dealing  with  artificially  severe  tracks,  seem  to  he 
much  much  lower  than  that  old  data.  Am  I  remem¬ 
bering  wrong? 

Mr.  I.tiebkc:  No,  you  arc  quite  accurate.  The 
difference  has  been  the  technological  change  in 
freight  equipment  since  the  time  Sergei  Guins  ivies 
running  those  tests  hack  in  KGS.  Then  the  normal 
freight  car  was  undamped  with  I  -5/8-lnch-travel 
springs,  or  extremely  stiff  springs.  The  environ¬ 
ment  was  indeed  as  rough  as  measured  and  reported 
at  that  time. 


Till:  NO  1  S [•:  KN V 1 RONMENT  OF  A  DEFLECTED-JET  VTOI.  AIRCRAFT 


S.I..  McFarland  and  D.L.  Smith 
Air  Force  Flight  Dynamics  Laboratory 
Wright-Pntterson  Air  Force  Rase,  Ohio 


A  noise  survey  conducted  on  a  deflected-jet  VTOI.  aircraft  is 
described.  The  test  aircraft  was  mounted  on  a  vertical  thrust 
stand  with  the  nozzles  oriented  in  the  "hover-stop"  position  while 
engine  runs  were  made  at  different  power  settings.  Forty-one  (41) 
microphones  were  located  in  the  field  on  the  port  side  of  the  air¬ 
craft  and  six  (6)  microphones  were  located  at  positions  near  the 
aircraft  skin.  The  height  of  the  field  microphones  was  varied  (5  ft, 

10  ft,  and  15  ft).  One-third  octave  band  spectra  obtained  from  all 
microphones  and  for  all  engine  power  settings  were  flat  and  did  not 
exhibit  the  "haystack"  shape  which  is  characteristic  of  a  free  jet. 
Typical  one-third  octave  hand  sound  pressure  level  spectra  and  ccntours 
of  overall  sound  pressure  levels  are  presented.  Estimates  ;i jet  total 
acoustic  power  are  developed  from  the  measurements  and  related  to  engine 
operating  parameters.  Expressions  are  derived  from  the  measurements  to 
predict  the  one-third  octave  band  spectra  at  positions  in  the  field  and 
on  the  vehicle  I rom  similarly  configured  aircraft  for  various  engine 
operating  conditions. 


NOISE  SURVEY 


INTRODUCTION 

The  design  of  VTOI,  aircraft  structures 
and  the  selection  of  their  propulsion  systems 
will  be  strongly  influenced  by  the  noise 
produced  by  the  propulsion  system.  The  in¬ 
crease  in  propulsion  power  required  for  verti¬ 
cal  flight  will  be  accompanied  by  an  increase 
in  radiated  acoustic  energy.  The  radiated 
acoustic  pressures  impinging  on  the  aircraft 
will  be  affected  by  operation  of  the  propul¬ 
sion  system  in  close  proximity  to  the  ground. 
Acoustic  fatigue,  which  is  generally  restricted 
to  a  small  percent  of  structure  for  convention¬ 
al  aircraft,  may  affect  nearly  the  entire 
structure  for  a  VTOL  aircraft.  Methods  are 
not  currently  available  to  predict  the  acoustic 
environment  from  VTOL  aircraft.  The  develop¬ 
ment  of  such  methods  will  rely  heavily  on 
experimental  data  in  that  the  mechanisms  of 
noise  generation  from  candidate  propulsion 
systems  are  not  completely  understood.  This 
is  especially  true  for  a  VTOL  jet  where  the 
operation  in  close  proximity  to  the  ground 
might  alter  the  noise  source  mechanisms  which 
exist  in  a  free  jet. 

An  acoustic  survey  was  conducted  at 
Edwards  Air  Force  Base  on  a  Hawker-Siddeley 
P 1 1 2 7  deflected-jet  VTOL  aircraft  to  provide 
definition  of  the  noise  environment  for  this 
type  aircraft  operating  in  a  hover  mode.  The 
survey  and  its  measured  results  are  reported 
in  Ref.  [1].  The  results  are  used  here  to 
develop  methods  for  predicting  the  acoustic 
environment  In  the  field  and  on  a  deflected- 
jet  VTOL  aircraft  as  a  function  of  nozzle 
parameters,  i.e.,  exhause  temperature,  exhaust 
Mach  number,  and  nozzle  diameter. 


Test  Aircraft 

The  test  aircraft  is  shown  in  Fig.  1. 

The  propulsion  system  was  a  Bristol- 
Siddeley  Pegasus  5,  ducted  fan,  lift- 
thrust,  jet  engine.  The  design  of  this 
engine  for  adaptation  to  the  aircraft 
incorporated  four  exit  nozzles,  two  "cold" 
plus  two  "hot",  which  are  adjustable  for 
different  modes  of  flight.  This  arrange¬ 
ment  results  in  a  high  vertical  thrust/weight 
ratio.  Most  of  the  fan  discharge  is  fed  to 
two  rotatable  nozzles  (the  "cold"  jets) 
situated  symmetrical lv  on  both  sides  of  the 
engine.  The  remainder  of  the  fan  discharge 
passes  through  the  high  pressure  compressor, 
through  the  combustion  chamber  to  the  tur¬ 
bines,  and  is  exhausted  through  two  more 
rotatable  nozzles  (the  "hot"  jets)  at  both 
sides  jf  the  rear  of  the  engine.  Rotation 
of  these  four  nozzles,  which  incorporate 
deflecting  vanes  in  the  exit  areas,  enables 
thrust  to  be  directed  rearward,  forward,  or 
vertically  for  the  desired  flight  mode.  For 
horizontal  flight  the  nozzles  are  in  the 
positions  indicated  in  Fig.  2.  For  vertical 
thrust  the  nozzles  are  rotated  downward  81°. 
This  position  is  designated  as  the  "hover-stop 
position".  The  92.5%  rpm  engine  setting  in  th 
VTOL  mode  corresponds  to  the  vertical  takeoff 
condition  for  this  aircraft.  Operational  para 
meters  for  the  engine  are  given  in  Table  I. 
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FIGURE  1,  Pll 27  ON  THE  VERTICAL  THRUST  STAND 
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FIGURE  2  ORIENTATION  OF  PM27  JET  ENGINE  C/L»  AND  A/C  HEADING 


Test  Setup  and  Run  Conditions 

The  aircraft  was  mounted  statically  on  a 
vertical  thrust  stand  for  all  test  conditions. 
The  thrust  stand  stood  in  an  open  pit  surround' 
ed  by  a  cement  pad  which  extended  at  least  100 
feet  in  all  directions.  The  jets  were  directed 
such  that  the  primary  flow  impinged  on  the 
concrete  rather  than  into  the  pit.  Measure¬ 
ments  were  made  at  the  engine  power  settings 
given  in  Table  1  for  aircraft  heights  of  10 
feet  and  15  feet  and  for  field  microphone 
heights  of  5  feet,  10  feet,  and  15  feet. 

Forty-one  (41)  microphones  were  located 
on  the  port  side  of  the  aircraft  in  the  field 
in  a  plane  parallel  to  the  ground  as  shown  in 
Fig.  3.  These  microphones  were  positioned 
with  respect  to  the  centerline  of  the  hot  jet 
in  its  forward  flight  position  as  shown  in  Fig. 
2.  Six  (6)  microphones  were  positioned  with 
their  diaphragms  between  2  and  4  inches  from, 
and  parallel  to,  the  aircraft  skin  at  the 
locations  shown  in  Fig.  4. 


FIGURE  3  .MICROPHONE  FIELD  LOCATIONS  AND  SPOT  NUMBER  IDENTIFICATION 


Survey  Results 

One-third  octave  band  spectra  were 
obtained  from  each  microphone,  correspond¬ 
ing  to  those  runs  where  the  nozzles  were 
set  at  81°,  the  hover-stop  position.  The 
most  notable  characteristic  of  the  data 
obtained  from  the  noise  survey  was  that 
these  spectra  were  all  essentially  "flat" 
and  did  not  exhibit  the  "haystack"  shape 
characteristic  of  a  free  jet  This  is 
illustrated  by  the  spectra  obtained  from 
microphone  25,  given  in  Fig.  5.  Microphone 
25  was  located  50  Teet  and  at  30  degrees 
from  the  centerline  of  the  hot  jet  (see 
Fig.  3).  The  shape  of  these  spectra  is 
typical  of  the  spectra  obtained  from 
microphones  at  other  positions  in  the 
field  and  on  the  aircraft. 
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FIGURE  5  .1/3  OCTAVE  BAND  SOUND  PRESSURE  LEVELS  IN 
FIELD  OF  A  DEFLECTED- JET  VTOL  AIRCRAFT  WITH 
NOZZLES  AT  81*  (HOVER  STOP  POSITION) 


Contours  of  equal  overall  sound  pressure 
level  (SIM.*)  for  a  plane  parallel  to  and  15 
leet  above  tin'  ground  plane  are  Riven  In  Fig.  6 
lliov  were  laired  manual  Iv  from  the  overall  SIM. 
readings  obtained  at  ea>  li  mleroplione  position. 
The  eontours  exhibit  lobes  eorrespondliiR  to 
the  hot  and  eold  nozzles  at  the  lower  power 
settittRs;  however,  as  the  enplne  power  setting 
is  inereased,  the  eontours  beeome  more  nearly 
e  1  reul  ar . 


TABLE  II 

Overall  Sound  Pressure  Levels  on 
the  P 1 1 2 7  Aircraft 


Contours  of  equal  overall  SIM.  for  planes 
vertical  to  the  ground  plane  are  presented  In 
FIrs.  7,  8,  and  8.  These  figures  correspond 
to  the  fiO,  80,  and  92.  5J!  rpm  engine  operating 
conditions.  In  each  figure  contour  plots  are 
shown  for  four  (A)  different  vertical  planes 
at  different  angles  (•)  referenced  to  the  tall 
heading  of  the  test  aircraft  from  a  point 
directly  below  the  hot  jet.  The  contours  were 
faired  manually  through  data  obtained  from  all 
of  the  field  microphones  and  from  the  micro¬ 
phone  on  the  vertical  stabilizer  which  was  at 
a  height  of  approximately  18  feet. 

file  overall  SIM.'s  obtained  at  the  micro¬ 
phone  positions  located  on  the  aircraft  as 
shown  in  Fig.  A  are  presented  in  Table  II  for 
the  specified  engine  power  settings  with  the 
ilrcraft  at  a  height  of  15  feet. 


=  10  log  — 

n 

wlii*  tv:  r  «  mean  square  sou  ml  pressure,  N/m4" 
1’0  =  reference  pressure  =  20  ^N/m- 


MICROPHONE 

LOCATIONS 

605!  RPM 

805!  RPM 

92. 55!  RPM 

Under  Wing 
Inboard 

132  dB 

1A1  dB 

1A3  dB 

Under  Wing 
Outboard 

132  dB 

1A0  dB 

1A3  dB 

Under  Fuse¬ 
lage  Middle 

127  dB 

133  dB 

138  dB 

Under  Fuse¬ 
lage  Tail 

126  dB 

131  dB 

138  dB 

Under  Hori¬ 
zontal 
Stabilizer 

121  dB 

131  dB 

138  dB 

On  Vertical 
Stabilizer 

116  dB 

123  dB 

129  dB 
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AXIAL  DISTANCE  FROM  HOT  JET,  FEET 


FIGURE  6.  OVERALL  SOUND  PRESSURE  LEVEL  CONTOURS 
IN  THE  FIELD  OF  A  P 1 127  AIRCRAFT 


distance  from  hot  jet.  feet 


FIGURE  7„  OVERALL  SOUNO  PRESSURE  LEVEL  CONTOURS  FOR 
SELECTED  VERTICAL  PLANES  IN  THE  PII27 
NOISE  FIELD  (60%  RPM  ENGINE  SETTING) 


DISTANCE  FROM  HOT  JET,  FEET 


figure  0,  overall  sound  pressure  level  contours  for 

SELECTED  VERTICAL  PLANES  IN  THE  PII27 
NOISE  FIELD  (80%  RPM  ENGINE  SETTING) 


0  29  SO  T9 


OISTANCE  FROM  HOT  JET,  FEET 


FIGURE  9,  OVERALL  SOUND  PRESSURE  LEVEL  CONTOURS  FOR 
SELECTED  VERTICAL  PLANES  IN  THE  P II 27 
NOISE  FIELD  (92  5%  RPM  ENGINE  SETTING) 


ESTIMATION  OK  TOTAL  ACOUSTIC  I'OWKK 


The  aircraft  ran  lu*  described  as  a  noise 
source  from  the  acoustic  power  radiated  bv  the 
jets  and  the  associated  directionality  ot  the 
noise.  In  this  section  the  over. ill 
measured  in  the  field  during  t  lie  noise  survey 
are  used  to  estimate  tin*  to!  .t  I  radiated  jet 
acoustic  power.  The  measured  ‘d’l.'s  were  used 
directly  to  estimate  the  aiousth  power  except 
where  pure  tone  compressor  noise  was  ohvi.uislv 
present.  When  this  m.urred,  a  •  .1 1  «  u  I  at 
overall  Sl'I.  was  used  whiih  was  *btained  by 
subtracting  the  one-third  o*tave  b  md  level 
contain  I  np,  t  lie  compressor  noise  Iron  the 
measured  overall  level.  In  no  .  iso  lid  this 

correction  ex*  eed  i  dll.  No  attempt  was  ".ado 
Lo  remove*  the  hroad  hand  noise  components 
generated  bv  the  compressor  and  other  noise 
sources . 


The  total  acoustic  power  (W)  generated  bv 
a  source  above  the  ground  plane  can  be  deter¬ 
mined  by  integrating  the  sound  intensity  (1) 
over  a  hemispherical  area  (A)  centered  at  the 
source ,  i . e .  , 


W  = 


it  A 


(1) 


TIil'  sound  Intensity  at  any  point  in  the  far 
field  of  the  source  is  piven  hv 

I  =  ili 

A 

where  I  =  sound  intensity 
V  »  sound  pressure 
f  =  density  of  air 
c  =  speed  of  sound  in  air 


FIGURE  10,  ISOMETRIC  OF  HEMISPHERE  CENTERED 
ON  GROUND  BELOW  P  1 1 2  7  AIRCRAFT 
HOT  JET  EXIT  SHOWING  AREAS,  Au 

into  nine  areas  (i  -  1  through  i  =  9 )  where 
R  is  tile  radius  of  the  reference  hemisphere. 

I.aeli  area  Aj  in  one  of  the  "j"  li.ilf  limes  is 
determined  from: 

Aj  =  (sin  -  sin  ^j_j)  (5) 


The  total  acoustic  power  is  then  given  by 


The  total  acoustic  power  can  he  estimated 
by  dividing  the  hemisphere  Into  n  representa¬ 
tive  areas  such  that  the  sound  pressure  is 
nearly  constant  over  each  area,  calculating 
the  acoustic  power  for  each  area,  and  then 
summing  the  results,  !.<?., 


The  above  procedure  was  used  to  estimate 
the  total  acoustic  power  generated  bv  the  air¬ 
craft.  Since  the  sound  pressure  distribution 
was  assumed  to  be  symmetrical  about  the  test 
aircraft,  the*  total  acoustic  power  was  obtained 
by  doubling  the  result  determined  from  a  quarter 
sphere.  The  quarter  spheres  were  divided  as 
shown  in  Fig.  10.  They  were  divided  circum¬ 
ferentially  into  half  lunes  or  1TR-/12  0  =  1 
through  J  -  12)  and  each  half  ltine  was  divided 


when*  and  are  angles  of  elevat  ion  re¬ 
lative  to  a  point  below  the  hot  jet  on  the 
ground  plane.  1  he  total  acoustic  power  in 
watts  can  then  be  estimated  from  the  following: 


where  W,.  -  estimated  total  aeoustii  power,  wilts 
R  =  radius  of  reference  hemisphere,  n 

1\,  -  JO^N/nr* 

A  "  :ih  H.z2‘S 

n  _ 

-  ancle  of  elev.it  i*'n  !  r.-r.  an  origin  on 
the  ground  plane 

Si’l.j  j  '  sound  pressur*  love)  ass.*  iated 
i  t  h  A.  . 

i  • 
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I  In*  v.iltifs  ft  I'Wl.  determined  from  the 
il».>v»*  results  will »h  are  taken  as  representative 
't  tin-  tetal  acoustic  power  generated  by  the 
'1127  ai  re  rail  lor  nO,  80,  and  92.5”  rpm  power 
-•‘t  tings  are  respeet  I velv  148,  154,  and  159  dH. 

*'»ISI.  FI  1*1.0  PKKIM (TION 

H»e  neisi*  environment  of  a  similarlv  con- 
ignivd  a  i  i* «.  r  1 1* t  operat ing  in  tlu-  hover  mode 
an  In-  obtained  from  tin*  PI  127  noise  measure- 
nuts  bv  relating  the  estimated  radiated 
s.  oust  ie  power  to  engine  or  nozzle  parameters 
ni'l  determining  the  directional  properties  of 
he  noise, 

••lien  ’periling  in  tin-  VTOI.  mode  the  aireraft 
* -ns t  i  t  fit »*s  mul  t  ini e  noise  sourees.  Pie  pres- 
•n.  e  of  deflecting  v. tnes  in  the  exits  of  the 
■Hir  f  »'  no,*.*  I  os  (2  "hot"  +  2  "cold")  create* 

Milt  i p  1  »* ,  ettieient  li i i;h- frequency  noise  gonor- 
1  -  i  wi  me  -hail i sms .  Also,  tin*  vortices  generated 
'*■'  the  jo*  exiimst  impinging  »n  the  ground 
*!  ice  will  ontribute  nhlftional  noise  sources. 
d-Ulv,  i  i •  ■**  noise  source  shoulil  lie  identified 
m  !  r**latod  to  its  own  controlling  parameters. 

*:it  ri*oij  ion  :  rom  ill  sources  should  be 
Mmivi-d  ;  *  a*!  iiu  tin*  t**tal  acoustic  power  and 
*  •  i  ’is*-  tor  f.ich  *>per  it  ing  condition. 

"  :  c  i:u*r  •  i  h  would  require  a  rather  complete 
■”  ■:  ‘  he  -lojse  c  nerat  ion  median  isms 
•  :  lf  •  1  W  1  ’  1  •*  I  h  soijr<*e  md  would  result 


.n  complicated  expressions  relating  the  acoustic 
power  and  rad  in  Led  noise  to  the  engine  or 
nozzle  parameters.  Although  this  comprehensive 
approach  w  is  not  taken  it  was  considered 
desirable  to  obtain  an  expression  which  would 
iccount  tor  tin-  oper.it  Ion  of  the  "cold"  and 
"hot"  uoi'/les. 

An  expression  tor  the  mean  square  sound 
pressure  ot  t roe  jets  taken  from  Ref.  [1]  was 
■nodi  I  i  ed  t  o  obtain  means  for  predicting  the 
total  acoustic  power  of  a  def  looted-  jet  VTOI. 
nir.rntt.  The  following  relationship  was 
assumed : 

'.V  =  K  Jd  r1  •  V,N«».  V,d7)|u)t+(tI  .  Wnf,.  34I)2) C0I  |^J  ”  (8) 

where  T  =  exit  total  temperature,  0 R 
M  =  t*xit  Mach  number 
I)  =  exit  diameter,  feet 

Expressed  as  sound  power  level  (I’Wh)  in  db  re 
10- l 2  watts  this  equation  becomes: 

PWl.  =  I  On  lop,  [(T'-54Mr>.34D2)||m  + 

(T|.VMf,.34D2)co!1]  +  10  l,o  p  K+120  (9) 

Iht'  PWl.'s  determined  f rom  (he  measurements  are 
plotted  in  Kip.  11  versus  10  1  op  £(T]  •  54M6- 34D2) 

+  (I^- 3^o2)j,()|  d  From  a  least  square  best 
fit  it  was  determined  that  n  =  .74  and  10  lop 
K  =  1.6,  therefore: 

PWl.  =  7.4  lop  [(t1.54„6.34d2)i|ht+ 

(TI.54m6.34d2)co]1+  121.6  (10) 


•Oeos  m‘34o,1C(xd] 


FIGURE  II,  ESTIMATED  TOTAL  ACOUSTIC  POWER  VS  PI  127 
JET  NOZZLE  PARAMETERS 


The  iibnvi*  expression  c:in  t Iic-n  be  used  to 
dr  termini*  I  In*  noise  environment  in  the  lie)<l 
if  tlie  ill  reel  ionni  properties  ran  be  obtained. 
From  Kq.  (10)  the  spare  .iver.-iRe  SIM.  at  anv 
distance  R  ran  be  found  from: 


fTFT.s  =  l»WL 


10  tiq;  R-  +  2.f> 


(1!) 


where  Sl*T.s  =  spare  average  dli  re  20  /Ti/m* 

l’Wh  s  total  aroest  i<  power  level,  dli  re 
10-12  w.it  t  s 

R  =  distanre  I  mm  soiirre  to  1  i  ■  Id 
point,  feet 


The  SIM.  at  any  point  in  tin*  iield 
determined  from: 


S!M.(K,8,0)  =  S!M.s(R)  +  1)1  (h,0) 


(I2J 


Tliese  turves  were  obtained  bv  solving  i.q.  ( 1  3) 
fur  1)1  (8,0)  for  all  engine  power  conditions. 
The  values  inserted  for  SIU.(R  8,0)  were  those 
obtained  from  contours  as  Riven  in  Kips.  7,  8, 
and  9  at  a  distance  of  R  =  50  ft.  The  resul t- 
inp  curves  are  approximations  and  differ  from 
individual  values  hv  as  much  as  2  d!i  f«>r 
22.')°^,  8^  172.')'’  and  by  as  nun  h  as  5  dli  for 
H  nut  s  i de  tills  r  anpe. 

I.  <\  u.it  i  on  (13)  .aid  Fir.  12  tan  he  used  to 
prndiit  the  ■  ••■mil  s-omd  pressur*-  level  at 
anv  point  in  the  field  <>f  i  rb-Me.  ted-  jet  VIOL 
air  rail.  Ihe  ■  m  .  rd  i  :..it  ■!  tin-  lleld  point 

(K,m,0)  ms  talon  with  to.ji  i  to  an  origin  on 
the  i-nund  dir**tjv  Li  !«.*  1 4I.  f,-*t  jet,  even 
thoiij'h  i  la-  so»m  e  oj  noise  is  not  In.  atei!  on 
l  he  *.*  t  ajfid  . 


where  KIM.(R,8,0)  =  Sl'I.  .it  field  point  (R,h,0), 
d!) 

SI‘!.s(R)  =  spare  average  SIM.  .it  dis- 

t  a nee  R,  dB 

01(0,0)  =  directivity  index,  dB 

Substituting  hqs.  (!())  and  (11)  into  l\q.  (12) 
gives: 

SI»L(R,«,^)  =  7.4  Ion  jo1  •  ,4I)2),|().|.  + 

(■pi  .54Mh.  34p2)  "I  -  i()  i„R  r2+|  24+1)1  (8,0) 
UIJ  ( ! 1) 

An  estimation  of  tlie  directivity  index 
DI(8,0)  can  he  made  hv  noting  that  contours 
of  equal  SIM.  in  a  plane  parallel  to  tlie  ground 
become  nearly  circular  for  the  higher  engine 
power  settings.  This  was  particularly  true  for 
22.  5°  A  8  4s  172.5°,  where  8  =  180°  corresponds 
to  the  aircraft  heading.  Consequently,  ia  this 
range  it  is  assumed  that  DI(8,0)  =  1)1(0).  Fig. 
12  presents  a  curve  for  DT(8,0)  between  8  » 
22.5“  and  172.5”,  and  another  curve  for  values 
of  8  outside  this  range. 


in  order  to  test  tlie  .hi  u'-icv  "f  tile 
prediction,  !  q .  Ill)  It-d  Fie.  1.’  were  used  to 
obtain  the  predated  overall  SiM.  tor  tlie  h 0, 

80,  and  92.5'  rpnt  lotulilions  at  points  cor¬ 
responding  to  ni creplione  iniations  10  and  15 
feet  off  the  ground.  'Hie  measured  SIM.  was 
subtracted  from  tin-  prrdiited  value  to  determine 
the  error.  Hie  results  are  summarized  in 
Table  IV  which  presents  tlie  mean  error,  tlie 
standard  deviation,  and  the  maximum  and  minimum 
I  Alii. F  IV 

l.rror  Analysis  o|  Noise  l'redi'tion 
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FIGURE  12,  THE  DIRECTIVITY  OF  THE  NOISE  FROM  A  DEFLECTED- JET 
VT0L  AIRCRAFT 
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c.  Under  Horizontal  Stabilizer, 

SPLoa  =  11.5  log  [(Tl-5V>-WD2)||nT  + 

(t1.54m6.34d2)coi  +  80il  (16) 

d.  On  Vertical  Stabilizer, 

SP1.0A  -  8.7  log  Wl)2,,|()T  + 

(Tl.54;.j6.34|)2)colDJ  +  H4.I,  (17) 

where  T,  M,  and  D  are  as  defined  in  Lq.  (H). 

The  one-third  octave  hand  spectra  measured 
on  the  aircraft  were  also  nearly  flat.  Conse¬ 
quently,  it  is  assumed  that  the  one-third 
octave  band  spectra  for  similar  locations  on 
def lected-jet  VTOL  aircraft  can  be  predicted 
using  the  characteristic  spectrum  given  in 
Fig.  13. 

Equations  (14)  through  (17)  and  Fig.  14 
can  be  used  to  predict  the  noise  in  areas 
corresponding  to  the  above  on  def lected-jet 
VTOL  aircraft  of  similar  configuration.  Some 
degree  of  extrapolation  would  be  required  to 
determine  the  SPL's  at  other  locations  on  the 
aircraft. 


CONCLUDING  REMARKS 

It  was  found  from  the  measurements  fh.it 
the  spectra  of  life  sound  pressures  assoi  iuted 
with  def  1  fried- jet  VTOL  aircraft  are  ne.n  l v 
"flat"  and  do  not  exhibit  the  "haystack"  shape 
typical  of  a  single  f  r  *t*  jet.  It  is  expected 
that  this  is  primarily  due  In  the  pros-.-:  -1 

multiple  noise  sources.  Also,  operation  i.;  a 
VTni.  t.»od«*  t:uv  have  .titered  t  ho  noise  sour*  e 
mechanisms  compared  t*>  operation  In  a  free 
1  ield. 

Noise  previicti  ir.eth.'ds  1.  tve  dewlop- 
ed  alio  Vi-  j  t'r  del  let  t « * » 1  -  j  e  t  VI  01.  aircraft  based 
on  the  results  of  this  noise  survey.  It  is 
expected  that  these  methods  will  apply  reason¬ 
ably  well  to  all  aircraft  of  similar  configura¬ 
tion  operating  in  the  VTOL  node.  However,  they 
should  he  applied  judit  iouslv  where  different 
airplane  and  engine  configurations  are  being 
cons i dered . 
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VIBRATION  SIGNATURE  ANALYSIS  OF  BEARINGS 
AND  ELECTRONIC  PACKAGES 

Chari c;h  II.  Rous 
General  Electric  Company 
Aerospace  Electronic  Systi  ms 
Utica,  New  York 


Vibration  signature  analysis  methods  have  been  developed  at  General  I 
Electric  Aerospace  Electronic  Systems  which  can  be  readily  and  inex-  | 
pensively  applied  to  assure  the  quality  of  rolling  bearings  and  elec¬ 
tronic  packages.  These  methods  detect  a  loose  item  inside  a  package, 

1  a  weak  bond  between  a  microcircuit  substrate  and  its  case,  and  sur- 
j  face  defects  on  the  balls  or  races  of  bearings.  This  paper  presents 
|  the  methods  which  have  been  developed  and  the  results  obtained  in  ap- 
!  plying  vibration  signature  analysis  to  the  inspection  of  product  lines. 


INTRODUCTION 

Aerospace  Electronic  Systems  (AES)  has 
developed  and  is  successfully  using  vibration 
signature  analysis*  techniques  to  inspect  and 
assure  the  quality  of  bearings  and  electronic 
packages.  These  inspections  detect  the  follow¬ 
ing  types  of  defects : 

1)  Loose  or  free  items  inside  a  package, 
subassembly,  or  component 

2)  Weak  bond  between  a  microcircuit  sub¬ 
strate  and  its  case 

3)  Surface  defects  (e.g.,  pits,  scratches, 
spalling,  foreign  particles)  on  the 
balls  or  races  of  bearings. 

The  vibration  signature  analysis  methods  de¬ 
veloped  at  AES  are  nondestructive,  can  be 
readily  applied  to  product  lines,  and  require 
only  the  equipment  generally  used  in  vibration 
laboratories.  This  paper  presents  the  methods 
which  have  been  developed  and  some  of  the  re¬ 
sults  obtained  in  applying  MSA  to  product  line 
inspection. 


BACKGROUND 

Previous  related  work  has  been  published 
by  B.  Weichbrodt  and  M.W.  Schulz  of  the  Gen¬ 


eral  Electric  Researchand Development  Center, 
and  by  O.G.  Gustafson  and  T.  Tallian  of  SKF 
Industries  Research  Laboratory.  Weichbrodt 
111  presented  a  general  discussion  on  the  use  of 
spectrum  analysis,  summation  analysis,  tran¬ 
sient  analysis,  and  impedance  methods  to  detect 
defects  in  products.  Schulz  121  reported  on  the 
detection  of  loose  parts  in  sealed  containers. 
Gustafson  and  Tallian  131  developed  a  method 
and  specialized  equipment  for  detecting  dam¬ 
aged  rolling  element  bearings. 


In  relation  to  the  papers  referenced  above, 
the  vibration  signature  analysis  work  reported 
in  this  paper  makes  the  following  contributions: 


1)  Simplified  instrumentation  and  vibra¬ 
tion  fixturing  is  presented  for  detect¬ 
ing  loose  items 

2)  The  experience  gained  in  applying  sig¬ 
nature  analysis  to  product  lines  is 
presented 

3)  New,  easily  applied,  and  sensitive, 
methods  for  detecting  defective  sub¬ 
strate  bonds  in  microcircuit  packages 
and  for  detecting  surface  defects  in 
rolling  element  bearings  are  presented. 


♦Although  the  term  vibration  signature  analysis  is  more  precise,  the  term  mechanical  signature 
analysis  (MSA)  is  more  commonly  used.  In  this  paper,  MSA  will  be  used  interchangeably  with 
vibration  signature  analysis. 
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MbA  MKI  liOl)  FOR  |)K  1  KC  l'l\(l  l.OOSK  ITEMS 

l‘l l. •  Ml1  ’ll;1  “I  !'I|'  I'li'l'ling  luil^i-  Items  IS 
Ul-i'il  ‘.I.  the  l.ll  t  lll.lt  tile  llllp.ll't  'll  II. le  lltml  ol  1— 
I'm  t  .1...1  it. .it  .in- *t li e i-  h.iril  ulijei  t  product's  stress 
•\  .1 '.  •  *s  i: .  the  l-.sl'  illel't.’  I'.lllgf.  rile  stress  waves 
! > i  *; >.t 1 1 •  •  re.i.lih,  tlii'i  ugh  ,i  tvpic.il  electronic 
package  t'l  ,i  [ >1 1 11  it  "It  the  extent ir  surface  uf  tile 
I'h.l'isls  ulif.it  lull  I  ixture  where  tilt ■  V  -ire  lie- 
I  I  tell  b\  .1  ple/i Ifleet rie  .iCCrlei'i Ulleter .  So 
that  a  lile.ii  ratio  uf  stress  wave  signal- to- noise 
m.r.  lie  .  ilil, uiieil,  the  MSA  accelerometer  is  ori- 
i  nteil  perpendicular  to  the  axis  m  which  the 
package  is  \  it >i  .i tiwi.  I'he  loeatioii  of  the  MSA 
accelerometer  is  carefully  selected  to  assure 
that  it  is  mounteil  on  a  portion  of  the  structure 
(package  or  vibration  fixture)  to  which  the  stress 
wales  may  readily  be  transmitted.  Tin.'  output 
ul  the  MSA  accelerometer  is  amplified  and  then 
tillered  to  pass  only  the  h ip,h  fretiueiicies  (o.g. , 
above  10  KHz).  The  filtered  signal  is  displayed 
on  a  dual  trace  oscilloscope  above  the  trace  of 
the  i  ibrat nm  mput  (e.g. ,  2  g  sine  at  34  Hz)  to 
the  electronic  package.  The  oscilloscope  is 
triggered  from  the  signal  of  this  second  accel¬ 
erometer  which  senses  the  sinusoidal  vibration 
input  to  the  package.  This  permits  the  inspec¬ 
tor  to  detect  whether  an  impact  is  periodic  (as 
from  a  partially  constrained  item)  or  nonperi¬ 
odic  (as  from  a  free  item).  The  oscilloscope 
pattern  is  photographed  using  a  Polaroid  cam¬ 
era.  Based  tin  the  amplitude  uf  the  transients 
in  the  mechanical  signature,  the  electronic 
package  passes  or  fails  the  loose  item  test. 


l.OOSK  IT  KM  DETECTION  METHOD  APPLIED 
TO  QUALITY  ASSURANCE 

The  above  method  for  detecting  loose  items 
may  be  performed  using  only  the  standard  vi¬ 
bration  instrumentation  shown  in  the  block  dia¬ 
gram,  Fig.  1.  This  instrumentation  or  its  e- 
HUivalent  is  generally  available  in  vibration  lab¬ 
oratories.  For  convenience  and  mobility,  the 


-  * 

Fig.  1  -  Block  diagram  of  instrumentation 


MSA  instrumentation  may  be  installed  on  a  cart 
as  shown  in  Fig.  2.  The  cart  is  especially  con¬ 
venient  .when  the  MSA  inspections  are  performed 
outside  a  vibration  laboratory.  A  fixed  frequen¬ 
ce  mechanically  driven  shaker  located  in  a  man¬ 
ufacturing  area  is  satisfactory  for  providing  the 
required  excitation. 


Fig.  2  -  Mobile  MSA  instrumentation  system 


Figs.  3  and  4  show  two  electronic  packages 
mounted  on  rigid  vibration  fixtures  which  are 
hard  mounted  to  electromagnetic  shakers.  This 
hard  mounting  permits!  performing  the  MSA  in¬ 
spection  using  the  same  vibration  fixture  which 
is  used  for  vibration  acceptance  tests  and  qual¬ 
ification  tests. 

The  vibration  level  required  to  detect  loose 
items  must,  of  course,  be  in  excess  of  1  g.  For 
a  given  loose  item,  the  magnitude  of  its  signa¬ 
ture  (stress  waves)  is  determined  by  its  posi¬ 
tion  when  striking  the  package  and  its  velocity 
relative  to  the  package.  Therefore,  for  a  given 
input  acceleration,  the  maximum  signature  am¬ 
plitude  is  produced  at  the  lowest  excitation  fre¬ 
quency.  For  example,  if  a  package  must  pass 
a  swept  sine  vibration  acceptance  test  consist¬ 
ing  of  a  constant  amplitude  displacement  at  low 
frequencies  and  a  constant  acceleration  level  at 
higher  frequencies,  then  the  maximum  package 
velocity  will  occur  at  the  frequency  where  the 
test  specification  changes  from  constant  dis¬ 
placement  to  constant  acceleration.  This  is  the 


Fig.  3  -  MSA  accelerometer  attached  to  canister 


Fig.  4  -  MSA  accelerometer  attached  to  tail 
cone  vibration  fixture 

frequency  and  acceleration  level  which  will  pro¬ 
duce  the  maximum  vibration  signature  without 
exceeding  the  acceptance  test  vibration  levels. 

To  establish  an  acceptance  criterion  for 
the  MSA  loose  item  inspection,  the  amplifica¬ 
tion  of  the  MSA  accelerometer  signal  is  adjusted 
until  it  presents  a  straight  trace  on  the  oscillo¬ 
scope  similar  to  that  shown  in  Fig.  6.  Then  a 
loose  item  of  the  desired  minimum  size  is 
placed  in  the  package  and  the  amplitude  of  its 
signature  is  photographed.  This  amplitude  is 
the  desired  acceptance  criterion.  Depending  on 
the  noise  level  of  the  package,  its  vibration  fix¬ 
ture  and  the  shaker,  it  is  possible  to  detect 
items  weighing  as  little  as  0.2  milligram. 

Items  smaller  than  this  become  difficult  to  de¬ 
tect.  'lhe  problem  with  very  lightweight  items 
is  that  surface  forces  (e.g.,  adhesive  and  elec¬ 
trostatic)  may  overcome  the  small  inertia  force 
produced  by  vibrating  the  small  mass  of  a  loose 


item.  The  acceptance  criterion  should  of 
course  be  based  on  the  requirements  of  a  par¬ 
ticular  package.  A  criterion  based  on  the  im¬ 
pact  of  a  washer  for  a  4-40  .screw  may  be  satis¬ 
factory  for  electronic  packages  as  shown  in 
Figs.  3  and  4,  but  a  0.2  milligram  criterion 
may  be  required  to  detect  solder  balls  inside  a 
m  ic  roc  ire  u  it  c onta  iner . 

The  electronic  packages  shown  in  Figs.  3 
and  4  are  produced  in  quantity.  Kach  package 
must  pass  a  vibration  acceptance  test  while 
meeting  its  electrical  performance  require¬ 
ments.  The  MSA  inspection  is  performed  im¬ 
mediately  alter  the  acceptance  lest.  This  per¬ 
mits  detecting  loose  items  which  could  cause 
serious  damage  due  to  arcing  during  the  vibra¬ 
tion  acceptance  lust.  The  post-acceptance  test 
MSA  inspection  detects  the  items  which  may 
have  become  loose  during  the  acceptance  test. 
As  an  example  of  what  may  be  found,  Fig.  5 
shows  an  unsatisfactory  mechanical  signature. 
The  package  producing  this  signature  was 
opened  for  inspection  and  the  cause  of  the  fail¬ 
ure  was  found  to  be  a  loose  nut  in  the  power 
supply.  After  the  nut  was  tightened,  the  MSA 
inspection  produced  the  acceptable  signature 
shown  in  Fig.  6.  A  loose  nut  is  a  typical  cause 
of  an  MSA  failure.  Other  typical  causes  are 
loose  threaded  inserts,  loose  cables,  and  pieces 
of  bioken  hardware  and  extra  hardware  (metal¬ 
lic  and  nonmetallic).  Prior  to  implementing  the 


Fig.  5  -  Unsatisfactory  mechanical  signature 
produced  by  loose  nut  in  tile  power 
supply  of  the  electronic  package  shown 
in  Fig.  3 


MSA  mspi-cliun  station,  thriv  was  little  knowl¬ 
edge  ol  the  existence  ut  these  defects.  MSA  in¬ 
spection  provides  information  which  is  used  to 
improve  tin-  manufacturing  operations.  Per¬ 
haps  a  bolt  is  loose  because  the  proper  tool  was 
not  provided,  or  perhaps  there  are  broken 
pieces  from  a  component  which  is  being  torqued 
excessively.  Too,  the  worker  on  the  assembly 
line  is  aware  that  he  had  better  extract  the  item 
which  fell  into  the  package  or  it  will  be  discov¬ 
ered  during  tin-  MSA  inspection.  The  graph 
presented  in  Fig.  7  illustrates  the  improve¬ 
ment  in  (futility  which  can  result  from  the  use 
of  MSA  inspections. 


Fig.  6  -  Satisfactory  mechanical  signature 
obtained  after  tightening  loose  nut 
referred  to  in  Fig.  5 


MSA  has  also  been  found  to  bo  useful  in  de¬ 
tecting  defective  purchased  components.  These 
components  pass  incoming  inspection  and  elec¬ 
trical  systems  tests,  but  the  MSA  failures  of 
completed  electronic  packages  have  been  traced 
to  loose  shims  inside  an  electronic  tube  or  to 
the  absence  of  a  peening  operation  on  a  shaft  in¬ 
side  a  switch. 

In  comparison  with  visual  inspection,  an 
MSA  inspection  is  quicker  (30  seconds  of  vibra¬ 
tion  time)  and  permits  finding  the  items  hidden 
under  or  inside  subassemblies,  or  inside  a 
sealed  package.  For  example,  the  electronic 
pickage  shown  in  Fig.  3  is  approximately  37  in¬ 
ches  long,  10  inches  in  diameter,  and  weighs 
120  pounds.  It  contains  a  maze  of  components, 
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Fig.  7  -  MSA  inspections  of  canisters  -  loose 
item  detection 

cables,  and  dip-brazed  subassemblies.  Due  to 
this  complexity,  a  visual  inspection  of  a  com¬ 
pleted  package  would  be  of  little  value.  In  fact, 
opening  a  package  for  visual  inspection  exposes 
the  package  to  possible  physical  damage  and  the 
entrance  of  debris.  For  these  reasons,  an  MSA 
inspection  station  has  been  established  for  this 
product  line.  Because  the  package  must  pass  a 
vibration  acceptance  test,  no  additional  man¬ 
power  and  very  little  additional  time  are  re¬ 
quired  to  perform  this  MSA  inspection. 


MSA  METHOD  OF  DETECTING  DEFECTIVE 
ROLLING  BEARINGS 

The  method  developed  for  detecting  defec¬ 
tive  rolling  bearings  is  similar  to  that  used  for 
detecting  loose  items;  in  fact,  the  instrumenta¬ 
tion  is  identical.  Apparently,  however,  there 
has  been  nothing  previously  published  on  the 
application  of  this  method  to  rolling  bearings. 
Although  not  yet  tried  by  the  author,  it  appears 
that  this  method  is  also  suitable  for  the  inspec¬ 
tion  of  gears. 

The  similarity  of  the  methods  for  inspec¬ 
tion  of  bearings  and  detection  of  loose  items  is 
due  to  the  fact  that  in  both  cases  the  defects  re¬ 
sult  in  impacts  which  produce  stress  waves  in 
the  kilohertz  range  and  are  therefore  readily 
distinguishable  from  the  normal,  relatively  low 
frequency  excitation  of  a  vibration  exciter  or 
the  rotation  of  a  bearing.  The  purpose  of  the 
bearing  MSA  inspection  is  to  detect  surface  de¬ 
fects.  A  surface  defect  (e.g. ,  pit,  scratch, 
spalling,  foreign  particles)  is  a  discontinuity  in 
a  ball  or  race.  When  this  discontinuity  strikes 
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a  ball  or  race,  stress  waves  are  generated  in 
the  same  manner  as  when  a  loose  item  strikes 
a  portion  of  a  vibrating  package.  These  stress 
waves  are  above  10  KHz  whereas  the  stress 
waves  due  to  the  balls  rolling  on  the  races  are 
function  of  the  bearing  geometry  but  are  below 
2  KHz.  Therefore,  the  out-of-balance  frequency 
and  the  ball  pass  frequencies  may  be  calculated 
(Table  1)  and  this  portion  of  the  signal  filtered 
out  of  the  MSA  signal.  In  brief,  this  MSA  meth¬ 
od  for  detecting  defective  rolling  hearings  is  as 
follows: 

1)  An  accelerometer  is  attached  to  the  de¬ 
vice  (e.g.,  gyroscope,  fan)  in  a  posi¬ 
tion  such  that  there  is  a  rigid  structure 
between  the  accelerometer  and  the 
bearing. 

2)  The  device  is  isolated  from  ambient  vi¬ 
bration  excitation  and  its  power  is 
turned  on. 

3)  The  filtered  MSA  signal  is  displayed  on 
an  oscilloscope.  The  oscilloscope  is 
triggered  using  the  transient  voltage 


spikes  in  the  MSA  signal.  The  oscillo¬ 
scope  time  base  is  set  to  display  ap¬ 
proximately  one  revolution  of  the  shaft. 

4)  A  Polaroid  photograph  is  taken  of  the 
signal  displayed  on  the  oscilloscope. 
The  exposure  time  is  sufficiently  long 
to  assure  a  representative  data  sample 
(e.g.,  long  enough  for  one  hundred  or 
more  shaft  revolutions). 

5)  The  rnis  voltage  of  the  MSA  signal  is 
recorded. 

C)  Based  on  the  maximum  instantaneous 
voltage  amplitude  of  the  photographed 
pattern  and  based  on  the  rms  voltage, 
the  bearings  pass  or  fail  this  inspection. 

The  reason  for  these  two  criteria  (instan¬ 
taneous  voltage  and  rms  voltage)  is  that  a  single 
large  defect  will  produce  a  large  instantaneous 
voltage  without  having  much  effect  on  the  rms 
voltage.  On  the  other  hand,  a  bearing  with  a 
uniformly  rough  surface  will  produce  a  large 
rms  voltage  without  having  a  large  instantaneous 
voltage.  Note  that  the  oscilloscope  is  set  to 


TABLE  1 

Ball  Pass  Frequencies* 


f 

e 

f. 


l 


f 


e 

f. 


l 


where: 

f 

r 

n 

BD 

PD 

P 


frequency  of  impact  of  balls  with  a  surface  defect  on  the  outer  race 

frequency  of  impact  of  balls  with  a  surface  defect  on  the  inner  race 

frequency  of  impact  of  a  surface  defect  on  a  ball  with  the  inner  and  outer  races 

nf  i,  BD  oi 
2fr(1  '  PDt0s/S) 

nf  ..  BD„/ic,  o, 

•gfrU^os/?) 


PD f  ,,  /BD.  „  2  a 

BDfr  ^  ‘  (pD^  C  S  ^ 


relative  speed  between  iiuier  and  outer  race  (revolutions  per  second) 
number  of  balls 
ball  diameter 

pitch  diameter  of  ball  circle 

angle  between  the  line  of  contact  of  a  ball  with  the  inner  and  outer  races  and  the 
plane  containing  the  ball  circle 


♦Equations  from  B.  Weichbrodt,  Ref.  1. 
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tri!,!,'T  ■)..  Ih.'  spik.  -  i.:  tin-  transient  voltage. 

I  lt< •  r> ■!’<*»' . • .  > :  1 1'.. ■  r i ■  is  .1  singular  deg-ct  on  a  I >a i l 
•i  .  n  a  ill  1 1 1  . « lui- . -  a  i h ■  r u » I n‘  milage  spike 

:  III.-  '>si'll|..s< ' •  »| li • .  Ilv  determining  till-  period 
i'-  I  a  * ‘i  i.  imp.iet.-  I  rom  tin-  photograph  ami  having 
ealeuialod  tin-  lull  pass  1  requeue  n  s  (see  Table 
1),  ll  Is  pi  *SS  1 1  lit  *  1 1  >  It  I  < -lit  1  lv  till'  SllUIVr  Ilf  lilt'  lit 
Ifi't  as  l it ■  i ii*',  nil  a  hall,  thf  iiiiifr  raiv,  or  the 
outi'f  i  art'.  Primarily,  liow  e\ or,  iliis  method 
ol  inspection  is  list'd  as  an  aiua-pt  nr  reject 
srrt'fii  and  nut  as  a  diagnostic  tool. 


OIALITY  ASSl'RANCK  OF  HOI, UNO 
BKAlUNliS  I'SINc;  MSA 

Tlif  ahovt'  nii'tliotl  lor  detecting  def  ictive 
rolling  bearings  was  developed  after  the  suc¬ 
cessful  application  of  MSA  to  loose  particle  de¬ 
tection.  A.lliouili  the  method  is  very  similar  to 
tliat  used  for  loose  particle  detection,  ts  appli¬ 
cation  to  the  quality  control  of  product  lines  is 
more  difficult  dm  to  the  work  involved  in  estals 
lushing  a  failure  ciVerion.  In  apply iiit*  MSA  to 
the  inspection  of  gyr  /scope  spin  bearings,  the 
first  step  is  taken  to  collect  signatures  from  a 
uumlier  of  r.vros.  rin-  MSA  inspection  is  per¬ 
formed  after  the  spin  I  carings  are  assembled 
into  a  g\n>  optics  unit  ind  the  gyro  is  attached 
to  a  driving  coil  by  iicans  of  a  support  post. 
Therefore,  the  spin  bearing  mechanical  signa¬ 
ture  has  a  transmission  path  thfouc.h  two  sets 
of  ejmlial  beurinc.s,  the  support  post,  and  the 
bushing  attaching  the  support  post  to  the  head 
coil. 

The  MSA  accelerometer  is  attached  to  an 
adapter  plate  which  is  bolted  to  the  bushing  in 
the  head  coil.  A  photograph  o|  a  representative 
spin  bearing  signature  is  shown  in  Fir,,  it.  Die 
maximum  peak  voltage  is  read  Irom  the  photo¬ 
graph.  A  plot  of  the  distribution  o|  these  •  ik 
voltages  IS  presented  ill  Fig.  '.I.  A  slllill.il  plot 
is  made  for  ruts  voltage  versus  quant  it \ 
bear  inns  inspected.  These  plots  al'e  used  to 
develop  tentative  fa llure  i  riteria.  For  example, 
a  tentative  fulure  criterion  in u-.lit  be  that  mlt- 
,n.;e  transients  in  excess  of  three  tunes  the  tuns 
value  of  the  collected  transient  data  is  cause  lor 
rejection  ol  tin'  beariat'..  Rejected  hear  nuts 
ntav  tin'll  be  life  tested  or  disassembled  lor 
Visual  evidence  of  detects.  Based  oil  tile  re¬ 
sults  of  the  life  test  and  or  optical  inspection, 
the  lailut'e  criterion  is  adjusted  as  . . . 

Determinin'.:  when  a  lieanm:  has  tailed  can 
Is-  a  problem.  For  instance,  m  the  case  of  the 
qvroscope  spin  bear  nuts,  indications  of  failures 
nia x  I'e  that  the  electrical  noise  in  the  ituidance 
s'. -.telll  Is  excessive,  the  g'.TO  St.ll't-Up  tittle  IS 
excessive,  if  tl'e  S  !  O'.V  - 1 1'  )\V  It  tlltl''  IS  lUO  sllOI't. 


Fig.  8  -  Typical  spin  bearing  signature 
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Fig.  9  -  Amplitude  distribution  of  gyro  spin 
bearing  signatures 

Our  experience  with  this  new  method  of 
bearing  inspection  has  been  very  satisfactory, 
in  applying  it  to  the  production  inspection  of 
gyroscope  spin  bearings,  we  have  found  the  fol¬ 
lowing: 

1)  A  correlation  between  signature  am¬ 
plitude  and  bearing  life  (see  Table  2 
and  Fig.  10) , 

2)  A  correlation  between  signature  am¬ 
plitude  and  the  magnitude  of  bearing 
defects  (e.g. ,  contamination,  lirinel- 
ling)(See  Ref.  4.) 

li)  An  ability  to  detect  defective  bearings 
at  an  early  stage  in  the  production  cy¬ 
cle  and  thus  avoid  costly  work  which 
wuultl  be  wasted  when  the  assembled 
guidance  system  fails  to  perform  sat¬ 
isfactorily  (see  Fig.  11). 


MSA  INSPECTION  OF  MICROELECTRONIC 
DEVICES 
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AES  manufactures  microelectronic  devices 
(Super  Flat  Packs)  which  have  very  high  relia- 


TABLE  2 

Spin- Bearing  MSA  and  Life  Data 


MSA  Inspection  Data 

Gyro-optics 

Number 

Volts 

peak-t  a- peak 

Percent 
full  scale* 

Comments 

58 

Not  av; 

Liable 

Successfully  completed  300-hour  reliability 
demonstration  test.  MSA  data  from  post- 
reliability  demonstration  test:  10  V  p-p, 

75';  f.s. 

62 

2.3 

40 

Successfully  completed  300-hour  reliability 
demonstration  test. 

67 

9.3 

60 

Successfully  completed  300-hour  reliability 
demonstration  test. 

72 

3.8 

50 

Successfully  completed  300- hour  reliability 
demonstration  test. 

81 

16.7 

167 

Failed  slow-down  test  after  120  hours  of 
reliability  demonstration  test. 

93 

15.0 

133 

MSA  data  was  obtained  prior  to  the  use  of 

MSA  as  a  quality  assurance  inspection. 
Subsequent  field  report  stated  that  seeker  had 
intermittent  noisy  spin  bearings  accompanied 
by  excessive  electrical  noise. 

103 

17.7 

183 

Spin  bearings  failed  during  20th  reliability 
demonstration  cycle  (approx.  290  hours  of 
operation). 

NOTE:  This  table  presents  all  available  data  from  gyro-optics  which  have  had  an  MSA  inspec¬ 
tion  and  have  yielded  information  on  the  life  of  spin  bearings. 


♦Corresponds  to  volts  rms. 


^  an 


U-JHH .  ns  rxa 

.T  .i  r*  m  lin  !  i  M  !ni  1* 

*’f  I\t  n  I1  !  1  «»,  N  •  .  .  ’x-V 


\i>Ms  1  :'AUP'V'-K!  . 

:  M  VWI.  !■>’  I  r  ►  - 


□  M  r  UMl  ! 
•il 1  i ABI  H* 


□ 


1  ■'i  PlA-'i-.t;  > 
;  iff  iABt.it. 


WA  At  A  4'A,-,I  A.'IU  ••• 

»  IASI  l*.  >7  ’■  • 


Fig.  10  -  Correlation  between  signature 
amplitude  and  bearing  life 


Fig.  11  -  Effect  of  MSA  spin  bearing  inspections 
on  rejections  at  systems  level 
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I>ilit\  i  i  -i  i . ;  •  •  1 1  >.  i  •  i t "  .  ill. '.-.i-  ll.it  packs  .ire  sub- 
1 . ••  •  l < •> I  t"  .i  n. -.irons  s.-i'ii-s  ..|  occrptuncv  tests 
■.  I •  i  1.  i.n'luilf  tin  Tin. il  shuck  .mil  .iccflcriit tun 
l  hi,  HIM)  :,'s).  It  was  fun  in  I  th.lt  .1  Sill. ill  pcl'ccli- 
I .i i ■  u|  III.-  flat  packs  which  pass  these  tests 
■a  >>u|.  |  later,  when  install. -il  in  a  subassembly, 
tall  .111.,  tu  a  h'liSe  limiil  between  the  flat  pack 
sal .st rate  ami  its  case.  Kvnlently,  the  accep¬ 
tance  tests  '.cuulil  damage  sunie  Hat  packs  which 
h.ni  we.ikU  bunileil  substrates,  bat  the  damage 
was  nut  sultictcnt  tu  cause  an  electrical  failure, 
rh.'l'ef.ire,  a  test  was  neeileil  to  screen  nut  the 
lew  llal  packs  with  weak  substrate  bonds  which 
were  pi  *t  t  tiic,  through  the  acceptance  tests. 

Structurally,  a  flat  pack  is  a  metal  contain¬ 
er  approximately  1.  1  inches  limp  X  O.ti  inch 
"  i.l"  V  n  I  url  111  i'll  t*  Hit  I  e..|-nmr  pbUe  Nwl*- 
strale)  bunded  to  the  bottom  surface  of  tlu;  con¬ 
tainer.  The  flat  pack  container  is  permanently 

Seated  prior  to  Hie  eiieii'otiuieuta  1  tesfitip  In¬ 
itially,  an  eflort  was  made  to  detect  substrates 
with  loose  or  weak  bonds  by  use  of  the  MSA 
loose  item  detection  method.  However,  it  was 
Imind  that  due  to  the  small  mass  ut  the  sub¬ 
strate,  a  weak  bond  could  prevent  the  substrate 
Irom  maktue,  an  impact  with  the  surrounding 
structure.  A  new  MSA  method  was  therefore 
required  to  detect  loose  substrates. 

A  review  of  the  flat  pack  structure  revealed 
that  the  ceramic  substrate  was  more  rigid  than 
the  bottom  cover  of  the  container  to  which  it  was 
bonded.  It  was  then  apparent  that  the  resonant 
frequency  of  the  bottom  cover  would  be  signifi¬ 
cantly  affected  if  the  substrate  was  weakly 
bonded  to  the  cover.  In  brief,  using  this  idea, 
the  following  inspection  method  was  developed: 

1)  Attach  the  microcircuit  package  (flat 
pack)  to  a  small  shaker. 

2)  Attach  an  accelerometer  tu  one  end  of 
a  metal  rod.  Kest  the  other  end  of  the 
rod  on  the  center  of  the  flat  pack  cover 
to  which  the  substrate  is  attached. 

if)  Perform  a  1  2  g  peak  sinusoidal  vibra¬ 
tion  sweep  from  400  to  2000  Hz. 

4)  Obtain  a  trace  of  the  accelerometer  re¬ 
sponse.  The  resonant  frequency  of  the 
accelerometer,  rod,  and  cover  combi¬ 
nation  will  reveal  if  the  bund  is  satis- 
lactorv.  For  a  particular  container  de¬ 
sign,  rod  mass,  and  accelerometer 
mass,  tl  was  found  that  for  a  satisl'ac- 
torv  bond,  the  resonant  frequency  was 
between  1200  and  1700  Hz  but  with  a 
weak  bond,  the  resonant  frequency  was 
as  low  as  500  Hz. 


Note  that  the  resonant  frequency  which  is  found 
is  not  that  of  the  bottom  cover.  The  resonant 
frequency  of  the  bottom  cover  is  above  3000  Hz. 
Therefore,  the  mass  of  the  metal  rod  and  ac¬ 
celerometer  applied  at  the  center  of  the  cover 
reduces  the  measured  resonant  frequency  to  a 
value  more  easily  determined  with  standard  vi¬ 
bration  equipment. 

Fig.  12  presents  the  results  of  applying  this 
MSA  inspection  method  to  the  production  of  su¬ 
per  flat  packs.  The  cumulative  failure  rate  was 
initially  low  but  it  is  gradually  becoming  lower. 
Improvements  in  design  and  manufacturing  proc¬ 
esses  have  caused  this  quality  Improvement 
However,  perhaps  the  use  of  MSA  to  detect 
bonding  defects,  which  would  otherwise  be  un¬ 
detected,  has  helped  to  focus  greater  attention 
on  the  critical  process  of  bonding  substrates  to 
their  containei .  The  continued  use  of  this  MSA 
inspection,  despite  the  low  failure  rate,  is  jus¬ 
tified  on  the  basis  that  the  product  is  used  in 
high  reliability  equipment  and  that  it  serves  as 
a  screen  to  catch  any  unintentional  small 
changes  in  the  iiidnufuClui  iug  piuCeSb  Wirieh 
would  affect  the  strength  of  the  substrate  bond. 
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Fig.  12  -  MSA  inspections  of  microcircuit 
substrate  bond 


CONCLUSIONS 

Vibration  signature  analysis  methods  have 
been  developed  at  AES  w*'irh  can  1  c  readiiy  anH 
inexpensively  applied  to  assure  the  quality  of 
rolling  bearings  and  electronic  packages.  These 
methods  arc  being  used  at  AES  as  routine  meth¬ 
ods  of  inspecting  product  lines.  It  is  believed 
lh.it  the  simplicity  and  sensitivity  of  the  methods 
justify  their  extensive  use  in  quality  assurance 
and  maintenance  work. 
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'•.itiplc  exciter  testing  del  Kinds  and  single  exciter  testing  is 
i  pit  c.  ■  ed  -  .  ::ul  t  i  -  logic  control  when  program  criteria  is 
desiii  !  a:  tie  exciter  drive  point(s)  and  at  tlie  specimen. 

.  e  adititi  *ual  ("outer")  loop  aLso  aLIows  preliminary  verifica- 
ot  t  :i  a  i  n  loop  at  low  vibration  Level,  and  can 

e  used  to  increase  tin?  total  dvnar.ic  range  ol  vibration  control. 
In  a  multiple  exciter  test,  tiie  "Muter"  loop  also  serves  Lo  bring 
all  drives  *p  to  level  ti  ’ether. 
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develop  i ns L rumen  tat i on  which  will  provide  the 
aoove  control  capabilities  for  multi-shaker 
testing.  Hie  Outer  Loop  Control  was  designed 
to  Li  11  this  requirement.  [L  has  also  provided 
some  unique  capabilities  for  single  shaker 
appl  i ca t i ons . 

Cd.NT.k’Al.  PI  I  SCR  II* I’LOM 

Most  ml  t  . -shaker  control  svstems  use 
ndependent  level  servos  lor  each  shaker  and 
b  ;c  means  ro  control  the  phase  relationship 
e tween  each  svstem.  A  monitoring  transducer 
is  mounted  close  to  the  shaker  and  used  to  de¬ 
rive  the  control  signal.  The  phasj  control 
in  it  ad  ins  ts  the  shaker  driving  signal  such 
'■.at  the  response  is  maintained  a;  a  fixed 
phase  relationship  to  some  referei.ee.  The 
servo  controls  the  amplitude  at  each  transducer 
location  to  sore  predetermined  level. 

Al'  -on,*'!  this  svstem  uses  a  transducer  for 


each  shaker,  it  is  in  effect  only  a  single 
point  control.  The  controls  operate  to  make 
the  multi-shaker  cluster  perform  as  one  large 
shaker  hy  maintaining  Llie  phase  and  relative 
amplitude  relationship  of  each  shaker,  further, 
the  control  locations  must  he  relatively  close 
Lo  the  shaker  interface  Lo  ho Id  cross  coupling 
effects  Lo  a  minimum. 

Outer  loop  control  provides  the  means  for 
using  mulLi-control  logic  with  inulti-shaker 
applications.  The  independent  servo  oscilla¬ 
tors  and  phase  control  operat';  Lo  make  Lhe  sha¬ 
kers  perform  as  one  large  shaker  and  the  Outer 
Loop  Control  provides  control  of  the  overall 
system. 

OPERATION 

Figure  1  is  a  block  diagram  of  a  two  sha¬ 
ker  control  system  using  independent  servo 
oscillators,  analog  multiplier  phase  and  ampli¬ 
tude  control,  and  outer  loop  control.  The  con¬ 
trol  input  to  the  Outer  Loop  Control  may  come 
from  conventional  averagers  or  peak  selecting 
instrumentation,  or  it  may  he  the  output  from 
a  single  accelerometer. 

The  Outer  Loop  Control  exerts  a  control 
over  the  teat  level  in  the  following  manner: 

A  variable  gain  attenuator  is  placed  in  signal 
path  between  the  oscillator  and  the  power 
amplifier.  A  variable  gain  amplifier  is  placed 
in  the  feedback  signal  path  between  the  control 
accelerometer  and  the  servo  input.  The  atten¬ 
uator  and  amplifier  gains  are  servoed  by  a  com¬ 
mon  signal.  The  circuits  are  ganged  such  that 
an  attenuation  of  the  output  is  accompanied  by 
an  equal  gain  increase  in  the  feedback  signal. 

Since  a  decrease  in  the  output  signal  is 
accompanied  with  an  equal  increase  in  the  servo 
feedback  signal,  Lhe  level  and  phase  control¬ 
lers  perform  their  function  independent  of  the 
overall,  test  leve  #  Thus  relative  amplitude 
and  phase  control  are  maintained  at  points 
close  to  each  shaker  hy  the  servo  oscillators 
while  the  absolute  level  is  controlled  by  Lhe 
Outer  Loop  Control  unit. 

APPLICATION 

The  most  important  function  of  the  Outer 
Loop  Control  system  Cor  multi-shaker  testing  is 
properly  its  role  in  response  limiting.  Host 
multi-shaker  tests  involve  rather  large  sub¬ 
systems  or  complete  vehicular  systems.  Often 
it  has  been  determined  from  component  or  sub¬ 
system  level  testing  that  severe  damage  mas- 
result  if  acceleration  levels  ir.  excess  of  some 
predetermined  maximum  are  encountered  at  vari¬ 
ous  locations  on  the  structure.  Such  damage 
cannot  be  tolerated  partici’arly  if  the  test 
specimen  represents  deliverable  hardware. 
Interrupting  the  Lest  when  a  level  in  excess 
of  the  allowable  limit  is  encountered  may  save 
Lhe  hardware  hut  the  objectives  of  the  test 
would  not  lie  lulfilled. 


By  simply  lowering  Lhe  input  level  over 
some  small  frequency  range  Lo  prevent.  Lhe  re¬ 
sponse  at  a  given  location  from  exceeding 
allowable  limits  Lhe  lest  tav  be  continued. 

The  test  specimen  is  protected  Iron  unnecessary 
damage  and  uninterrupted  response  data  horn  Luc 
specimen  is  available  for  studies  ot  tiausmis- 
sihilily,  model  shapes  and  other  pertinent 
i nl ornaLion. 

In  single  exciter  testing,  response  limit¬ 
ing  is  laeilitated  hy  the  additional  control 
dynamic  range  and  independence  ol  dr  i '  <*  program 
provided  b .  Lhe  use  ol  outer  Loop  Control. 

TEST  RESIT. IS 

The  Lest  data  shown  in  figures  2  ami  3 
shows  Lhe  ability  ol  the  Outer  Loop  Control  to 
limit  responses  at  various  locations,  i’lots 
1  through  A  of  figure  2  are  the  control  signals 
from  a  four  shaker  test.  Plots  3  and  A  are 
response  of  two  cantilever  beams.  The  plots 
in  figure  T  show  the  response  at  the  same  loca¬ 
tions  when  a  maximum  acceleration  level  is 
imposed  on  each  cantilever  beam  response. 

Note  that  the  two  beams  are  limited  to 
different  acceleration  levels.  The  resonant 
frequencies  of  the  beam  were  adjusted  to  occur 
at  frequencies  having  different  exciLation 
acceleration  level .  This  was  done  to  demon¬ 
strate  that  the  response  limiting  level  is 
independent  of  the  test  acceleration  level. 

The  Outer  Loop  Control  unit  may  also  be 
used  lo  provide  level  control  from  the  average 
of  several  accelerometer  signals.  As  in  the 
peak  limiting  case  described  above,  the  rela¬ 
tive  amplitude  and  phase  control  is  performed 
by  the  independent  servo  oscillators,  but  the 
Outer  Loop  Control  signal  conies  fi  nn  the 
average  of  transducer  signals  located  at  any 
desired  locations. 

The  OuLer  Loop  Control  performs  another 
important  function  in  multi-shaker  testing. 

It  provides  the  capability  to  energize  the 
shakers  in  a  smooth  and  coherent  manner.  Since 
the  speeds  of  Lhe  independent  level  servos 
differ  to  some  extent  It  is  no'  practical  to 
use  them  to  begin  a  vibration  test  as  is 
usually  done  with,  single  shaker  operation. 

The  Outer  Loop  Control  provides  a  common  servo 
to  all  systems,  which  brings  each  shaker  up  to 
level  (or  down)  at  the  sane  rate.  It  also 
provides  Lhe  capability  to  bring  the  svstem  on 
line  ai  a  level  20  to  AO  db  below  the  Lest  thus 
providing  an  opportunity  to  check  all  control 
junctions  and  to  establish  phase  control, 

f.'hen  used  in  single  shaker  testing,  the 
Outer  Loop  Control  provides  t::e  same  benefits 
as  mul:  i-sheker  use  except,  o’viousLy,  the 
rate  of  up/uovn  is  normal lv  not  critical, 

CONCLfSIONS 

ike  Outer  Loop  Control  logic  has  provided 


184 


inmiUHkiiiiiiiiniiniiiiiiHiMitiiHitKtimiii! 

!■■■■■  uni  hwhhi — —  hw  ikn  iiw  mu  i 


llHHHIMllf 

IffflliSIi! 


i  ■■■■■■■■  iuii  inti  mu  mu  mu  ii 
(■■■■Mn  iMiiiuii  iiiiiiiiii  mu  ii  fi  mil  iMtmu 
ilium i  iHtmm  him  mu  w  nmsi  ih;>s; 

mHMMtummmm  minus 


iiiiii|(uiiimmiiiiiiiiiiiiiiiHiiiiiiuitiiii! 

i  mil  hui  iti'iOHi  nan  mil  tuti  imi  mtnmi 
iHf i  hid  m>  'mu  mn  mil  hu!  Hiii  til  e 
:  if  IIIHItt  Ufil  ,'ID  l«Hi  tf Hi  EHH  HI  IS!  i: 

ebskwbmhbb 


HKD  RESPONSE 
PLOT  i 


HI. UK  RKSPONSi: 
PLOT  Ci 


FIGURE  3  WITH  OUTER  LOOP  CONTROL 


- iiMnmiiHiiimiiiiiin/’i  v:  r-“': 

I  Mill  Hill  MUSHIH IIIU  11  iflllllillll  III 

lUIDUHiMlilllW 


[I  ItlllUEir  glliSIIIIII 


maaiwn.ji 


iiiimliifflH 

iiiLHHiiainl 

«  Hiaiiiiiiil 
:  KliaillUM 

3111111 


■  iimiiiiiiiiiiiiii 

I  MMUNtMHIIIIIIIinmill 

I  WHBIMNIIIimiimiB 

lliUw 


HHUlHBiiiiiimii 

kf  .. .i.niQ  i.niixiil! 


ni 

lilBiii  n»  urn  Hill  ii^  'ii  j 
.n.iii, 

Hill  imiMhHIIIIItllllll 

mill  imniiiHiiwuiiU! 

HlliiJllimi 


.<1 

■  ■■III!  Ill 
ISMIlltlll 

II1BIII 

■I  - 


■■IIIIIBIII  I  SiUllllliill 

■HIIIHIIUI  r 


■iniiins 

■  imm 


CONTROL  t 
PLOT  1 


111 

Hlllilii 


lllil  Hill  III!!  Illl: 


ii 

BMiS 

Tr. 

m 

li 

Htl!  tjj 

mi 

iSE  c 

EOZSSI 

cii:  mi 

ittI  ntj 
[nr!  (Til: 

.ttnur 

m 

SE 

KM 

amra 

.iUl  ikK 

i:iniiii<iin "■  .  iinmauyiUUUiBiiiiitil 

■■■ivitiiiiMiiiin  Mini  i 

^■■•■inuinuii'iin  ii  mi  iifiMnnmWMaiiiil 

■••« ■ttiiifiiiHHi wh Hi!  iii i  miimniitiisiitimiiiniiil 

_ JIllflililiBSISitHii  ijliliilillSHi 

lafiiiiBiaaiiiMMMiiiittLiKiiiii  am. ®aassaei»ss| 

EIBII llltt lltH mII'II{!!ISH!S9S!  1114!  Wi^iil*pnH»HI!l 
nei  HHI  III  U  iHii  Hill  ill  tUi  iiMi  l  ti^  u Hi  riiii = I 

hnisigsiiffiHiiisr^ 


S55S!R«nimTmi!iiiriihHHMmHUMn!^T!BBT?T»|in 

iiaB*ini»imi«SJnmH!sii!ii;iiiini!iiiiiiiiiiiM  MeHaaaaiiil 
«BlB«n««l  iltiiHII:  iiiMiiiSi  KNi  !IU!  liiii  fiili  i!li^  SSB  lUlll 

ttilliyiiilllilliiljililiSaiffliiillSiMMl 

&  s  ■  i  ■  i  s  a  1 1 1 « ?:  s  si  H  i 

RSHEE>ilElff!Himi  WKM 

lliififiHll'iii 


imatiBnttnmntmiK-  Kiaa»j?j;| 

?■■■■  RBI ,rtitS»!il IMS !l!l! iMIlllNm 
ii«f«*”*y  ilSH  IRi!  iiHi  iii  il  ilHi  lilli  iilH  Sii  ill  N98B3  Kiltl 


imiiiiii.  wwiiiii  ■■MHtff  ffl 

iH  mni  it  nmmrBvBHfiniaB 

IHIIII  'l  •■I  IMM ff*M I 

MM  IHII  la.  ’  *1111  fMMMMtMilll 


__j»r  an  atm  mu. 'mu.. ^«iij!!jf!!if!iiiif*PPaaMaai  in 
aHHVillllllimiUlOllllli  Hill  IIIUIIHaill!  Ill  mi  *■■■■■■  I M 

4nirMiBaiiiiiiiuiiiii,!im  iiiai!in;iiii  uiimhvuh  HSHiiaua 
WKifliniUliilUUfili  III!  (till  lilt  UILJ|I '  Ha'Si'i  RIIII  Hill 

ataaiaaiiaiiiifHoiiHi!'  h* »  «« ss i*  mi 

MinHiiiiitmitiiiiwPih'if  ir-yamr 

liilSgMSiiiiiliiiiiiiiiiB-iiMiiiiiiiilJiiil 

IKiiiiiiiiiiiiliililiiil 


semis:::::::: 


::::::: : 

- lllitHIM  ■ 

If  III  HIM  ■ 


KM  PIKICA  I.  PliKDICTKiN  OK  MISHII.K  1  I.ICIIT  liANUOM  VlltKATION 


A.  I'.  K:i  rl  er.lll 
Tlif  llfiiili.\  i  ■•rin  tM  1 1< iti 
Mishawaka,  1 1 ii 1 1 : i in 


Purely  theoretical  prci  I  id  ii  ■  >t  missile  tiutlit  \  il  u*:i  i  ■■  i  ■  m  \  i  ri  1 1 1 1  ■  i.t  r~  ;  i  i'i  ■  precluded 
by  complexities  til  I lu-  missile  li.i rdw ;i re  :md  tin-  rn\  i m mi -i it .  ( 'i n n | il«  t < •  i  xperimenl  - 
ul  doterininptinn  til'  l hf  environment  t h n mtili  extensive  lli"li!  p-sting  i-  niidesiruble  :md 
impractical.  An  a Itt* rnat i \ t •  is  the  use  ni  .-elected  1 1 ■  im ■! i ■  ri I  Might  d;i!;i  to  lormulate 
t*Mi  |  ii  i’  it’ii  1  techniques  bn’  ext  r:i|inlid  imi  •  > I  v  it  mil  c  >n  cha  meierisl  n  s  to  et her  ;i  ivas  ul 
concern.  Correlation  ul  missile  \ilmitiun  with  known  nr  predictable  lliglit  |iaramet- 
rrs  Inis  |xTmilted  ruiisim.’ibli-  i’slim:ilus  ul  il»-  cm  il'oiinicnl  :il  n«*:t rl »v  ;iru:is.  1 ' 1 1 j"l;l 
vibration  data  acquisition,  red.u  lion  mid  elinmctcrislies  :iru  briellv  discnssud:  toeh- 
niqm'S  derived  for  a |>|>l it*a t i< ul  i In-  1 1 i n hi  < lata  In  m  u  lia rdw :t ft •  i*«’« |tii :iru 
mure  fully  discussml. 


INTHODI’CTIDN 

The*  TA1.0S  missile  is  the  secund  stage  ul  :i 
Navy  two-stage,  long  range,  high  iillitude,  siirlace- 
to-nir  wea|Kin.  The  first  stage  snliil  |iru|iell;ml  roek- 
et  boosts  the  missile  to  s|ieeds  sullieient  lur  the  see- 
on  tl  stage  ramjet  engine  to  iqx-rate.  Total  Might  lime 
eapability  is  in  the  order  of  several  minutes.  A 
schematic  representation  of  the  missile  is  shown  in 
Figure  1.  Missile  electronics,  hydraulic  system 


eumiHMienls.  and  prupul muii  sv.-iem  eui  :«.nenls 
are  euniaim  d  m  annular  eumiiartmeuts  turmed  bv 
the  missile  outer  shin  and  the  ram  let  diltusers  and 
through-duet.  Warhead  and  additional  electronics 
are  contained  w  Him.  the  initerbuih  .  A  vibration 
isolated  mounting  ] datt* *em .  called  the  "electronics 
basket",  is  used  in  the  electronics  eoni|iartment  to 
protect  sensitive  eompments  against  high  amplitude 
vibration  below  approximately  non  ||/. 


Accessory  Compartment 


Electronics  Fuel  Tank  Aft  Compartment 

Compartment 


Figure  I  -  Schematic  of  Packaging  Compartments  within  the  TAl.oS  Hamiet  Missile 


Tlii-  lliglil  v  ilinilimi  I'nvirummml  for  airborne 
< ■< It 1 1 1 >1  ix -ill  ran  lie  tielentiined  liv  measurement  at 
critical  locations  throughout  flight  test  vehicles. 

Such  msiriwuenlaiion,  however,  is  e.\|K>nsive,  In 

.iiiultiiiii,  if  is  tint  oimiioii  ftn  lliglil  tests  fti  \  it  ftl  flic 

most  stringent  cotulitions  within  vehicle  eapahililies. 

It  liecomes  necessary,  then,  to  extrapolate  flight 
lata  in  pretlictions  ol  the  environment  til  unmonitor- 
etl  locations.  In  the  TA  I  OS  missile  program,  a  eon- 
side  ruble  amount  of  telemetered  flight  vibration  ilata 
two-.ftfeii  IVt-  iDris  t-.r  V#  tv-  Pi- Ifi-U' 

between  the  environment  anti  several  missile  flight 
parameters. 

Ki.itiirr  data 

'1  hroughoitt  the  TAI.OS  program,  much  flight 
vihratton  data  has  been  collected  and  analyzed.  Two 
predominant  sources  of  random  vibration  energy  dur¬ 
ing  flight  are  acrodynaniic  excitation  over  the  mis¬ 
sile  external  surfaces,  and  ram  jet  engine  excitation 
due  to  internal  airflow  and  fuel  combustion.  The  vi¬ 
bration  environment  during  the  missile  flight  is 
measured  with  a  piezoelectric  accelerometer  mount¬ 
ed  at  the  point  of  interest.  The  output  of  the  accel¬ 
erometer  is  amplified  through  a  calibrated  system 
and  relayed  to  a  ground  telemetry  station.  The  Ill-' 
link  is  an  EM /KM  system  with  a  carrier  frequency 
in  tlic  VIII-'  range.  The  subearrior  frequency  used 
lor  vibration  Information  is  in  KHz  or  higher,  ami 
provides  saHsl'actory  frequency  response  in  the  fre¬ 
quency  '-urge  of  tttosl  interest  ‘>(l  to  Juno  lit.  The 
telemetered  signal  is  recorded  on  magnetic  tape  at 
tlic  ground  station. 

1  1  '■  I  . .  •  ■■■ 

toretl  continuously  throughout  a  flight.  Several  loca¬ 
tions  can  lie  monitored  using  the  same  subearrior  by 
means  of  a  commutator  switch  carried  in  the  air¬ 
borne  equipment.  Commutated  sample  times  are  ap¬ 
proximately  l.'.’.'i  seconds  in  duration  which  provide 
a  sample  sufficiently  long  to  perform  a  random  wave 
(tower  spectral  density  analysis.  The  data  samples 
and  accelerometer  locations  are  coded  for  identifica¬ 
tion;  data  is  doeommutated  during  flic  analysis. 

The  parameters  of  most  significance  in  defin¬ 
ing  the  vibration  environment  are  the  acceleration 
s|)ectral  density  function  and  the  root  mean  square 
acceleration.  The  time  intervals  for  acceleration 
spectral  density  analysis  are  selected  in  a  prelimin¬ 
ary  examination  of  data  for  the  entire  flight.  In  a 
tvpical  flight,  three  or  four  one-second  time  inter¬ 
vals  arc  selected  to  determine  characteristics  dur¬ 
ing  phases  of  flight  having  significantly  different  op¬ 
erating  characteristics;  i.e.,  during  boost,  just  af¬ 
ter  missile-booster  separation,  during  constant  alt¬ 
itude  cruise,  and  during  the  terminal  phase  of  flight. 
Alter  selecting  the  time  intervals,  the  recorded 
telemetry  data  during  each  interval  is  duplicated  on 
a  tape  from  which  a  continuous  loop  is  made  for  the 


wave  analysis.  During  loop  playback,  a  20  Hz  band¬ 
pass  filter  with  a  07  KHz  center  frequency  is  used. 
Other  bmulwidths  are  available  and  are  used  when 
special  considerations  are  necessary,  such  as  varia¬ 
tions  in  total  band  bt-iug  investigated.  The  lleqUtiu- 

ey  is  swept  at  a  slow  rato  over  the  entire  range  dur¬ 
ing  successive  passes  of  the  tape  loop.  The  cali¬ 
brated  filter  output  is  plotted  as  a  function  of  frequen¬ 
cy  and  thus  provides  an  estimate  of  spectral  char¬ 
acteristics  for  a  particular  time  period  in  the  flight. 

The  information  gained  from  the  analysis  of  a 
single  time  interval  could  be  quite  misleading  in  es¬ 
tablishing  design  requirements  since  the  vibration 
characteristics  could  change  considerably  with 
changes  in  flight  parameters.  The  results  of  the 
analyses  for  all  the  selected  time  intervals  must  bo 
examined  before  a  particular  environment  can  lie  de¬ 
fined.  figure  2  illustrates  how  the  vibration  char¬ 
acteristics  change  with  flight  time  at  one  location  in 
the  missile.  To  account  for  the  vibration  level 
shifts  with  frequency  throughout  the  flight,  an  envel¬ 
ope  ol  measured  data  is  composed  by  superimposing 
the  spectral  characteristics  during  all  the  selected 
Intervals  to  determine  the  most  severe  conditions 
throughout  the  flight  at  each  frequency.  The  envel¬ 
ope  is  used  in  the  derivation  of  a  flight-equivalent 
spectrum. 

i  l.IGIIT  EQUIVALENT  SPECTRUM 

Tilf*  fiffnlovnilnfl  speet  r|D  density  obtained  in 

the  data  analysis  could  be  applied  directly  as  com¬ 
ponent  requirements.  However,  it  is  desirable  to 
put  the  data  into  a  more  convenient  form.  A  linear 
wt  tta  Ettflto  epwAnl 

density  envelope  within  a  particular  bandwidth  can 
he  derived  to  achieve  this.  The  intent  in  deriving 
this  so-called  equivalent  spectrum  is  to  develop  vi¬ 
bration  spectral  characteristics  which  will  yield 
damage  potential  approximately  equal  to  that  exper¬ 
ienced  in  flight.  The  damage  potential  of  an  item 
can  be  expressed  in  terms  of  stress  experienced  by 
any  element  within  the  item  when  exposed  to  the  en¬ 
vironment.  The  stress  is  directly  proportional  to 
the  acceleration  response  of  the  clement.  Thus,  if 
vibration  characteristics  can  tie  defined  which  will 
induce  an  acceleration  response  equal  to  or  greater 
than  that  induced  by  the  flight  environment,  then  the 
equivalent  spectrum  will  represent  a  damage  poten¬ 
tial  equal  to  or  greater  than  that  obtained  during 
flight. 

It  is  assumed  that  the  elements  within  an  item 
can  be  adequately  represented  by  a  single  degree  of 
freedom  resonator.  The  acceleration  response,  R, 
of  the  resonator  as  a  function  of  frequency  is: 

R(f)=rf£aX  G(f)  y2  (f)Afl 1/2  (1) 

Lf  =  0  J 
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I  inure  2-  Flight  1'liase  Kllccls  on  frequency  Characteristics 


where  0(f)  is  acceleration  spectral  density  ns  :i  I'unc- 
tion  of  frequency  and  y(f)  is  the  transniissiliilily  as  a 
function  of  frequency  for  a  damped  single  degree  of 
freedom  system.  The  resonant  Irequencies  ami 
transmissibilities  for  small  elements  within  :i  module 
are  not  usually  known.  Therefore,  it  is  further  as¬ 
sumed  that  resonance  can  occur  at  any  frequenct 
within  the  2(1  to  2000  Hz  hand.  The  highest  transmis¬ 
sibilities  associated  with  the  compartment  being  in¬ 
vestigated  are  used  in  response  calculations.  Fxper- 
ience  shows  that  transmissibilities  of  .'to  lor  the 
electronics  compartment  and  20  for  the  accessory 
and  aft  compartments  are  conservative  maximums 
for  TALUS. 

In  the  derivation  of  an  "equivalent  spectrum", 
acceleration  res|xmsc  to  the  flight  environment  as  ob¬ 
served  from  the  telemetered  data  is  calculated.  The 
response  to  the  straight  line  equivalent  spectrum 


first  approximation  of  the  flight  sjioctrum  is  simi¬ 
larly  calculated.  The  response  characteristics  lor 
the  two  spectra  arc  compared  and  a  judgment  made 
of  the  adequacy  ol  the  equivalent  s|icctrum.  The 
criteria  used  in  the  judgment  arc: 

I.  An  equivalent  S|>eclriim  rms  vibration  let  cl 
greater  than  the  most  severe  measured  Might 
vibration  level  at  that  location. 

The  response  to  the  envelope  ol  flight  data  not 
exceeding  20  of  the  response  to  the  equiva¬ 
lent  s|>ectrum  at  any  I  requeue;. . 

It  the  equivalent  s|iectrum  does  not  meet  these 
criteria,  it  is  p'oditicd  and  the  process  is  repeated. 
These  iterative  response  calculation-  are  done  on  a 
digital  computer.  An  example  ol  a  Might  accelera¬ 
tion  spectral  density  envelope  and  its  equivalent 


Figure  :t  -  Kxample  of  Flight  Knvelope  and  Its  Fquivalctit  S|x‘ctrum 
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I  mure  I  -  System  Response  to  !•'  1  j ”hl  Knvolo|x-  and  Its  Kquivaicnl  Spectrum 


'peeirnm  is  slioun  m  Figure  The  eorres|x>nding 
s\stem  tieeelerntion  response  to  the  flight  envelope 
itnil  the  response  to  the  e<|ulv:tlenl  s|X'ctrum  nre 
shown  in  Figure  I. 

The  ei|iiiv;ilent  speetriim  npproaeh  temls  to  re- 
iluee  high  intensity  narrow  bandwidth  vibration  peaks 
ami  spread  the  vibration  energy  over  a  larger  band¬ 
width  to  account  for  frequency  shills  during  flight. 
Comparisons  of  response  for  various  spectra  and 
transmissibilities  have  shown  that  this  approach 
yields  n  condition  representative  of  flight,  without 
introducing  severe  over-design  and 'or  over-test. 

n.ltilll  I'AHA MKT Ivlt  KFFKCTS 

The  flight-equivalent  spectrum  provides  a  atis- 
factor.v  means  for  establishing  vibration  requit 
meats  at  a  ptirticular  location  for  which  flight  data 
has  been  obtained.  However,  there  is  the  need  to  ox- 
tra|xilate  data  to  nearby  locations  which  have  not  been 
instrumented.  Investigations  have  been  conducted  to 
relate  vibration  intensities  and  known  or  predictable 
missile  flight  ixirameters.  Telemetered  flight  data 
has  shown  that  the  intensities  are  affected  by  aerody¬ 
namic  load,  pro|xtlsion  system  characteristics  such 
as  fuel  richness,  rough  burning  and  ramjet  diffuser 
pressure  oscillations,  weight  of  the  module,  and  lo¬ 
cation  of  the  module  within  the  missile,  (leneral 
trends  have  been  observed  in  all  those  ixirameters; 
however,  quantitative  relationships  have  been  de¬ 
rived  only  for  aerodynamic  loading  and  the  module 
weight. 

Aerodynamic  Load 

Aerodynamic  loading  is  represented  by  free 
stream  dynamic  pressure  for  purposes  ol  relating  to 
vibration  characteristics.  Dynamic  pressure,  q,  can 
be  expressed  as: 


<1  a.  7  p.M-  (2) 

where  p  is  free  stream  static  pressure  and  M  is 
free  stream  Mach  number. 

Flight  data  has  strongly  indicated  a  linear  re¬ 
lationship  between  the  average  mis  vibration  and 
free  stream  dynamic  pressure.  Figure  ri  shows  a 
typical  rms  vibration  and  dynamic  pressure  relat¬ 
ionship.  The  sharp  rise  from  zero  time  occurs  as 
the  vehicle  builds  up  s|x.'ed.  The  dynamic  pressure 
increases  until  missile-booster  separation,  then  de¬ 
creases.  During  high  altitude  cruise,  the  pressure 
remains  relatively  stable,  then  increases  as  the  mis¬ 
sile  begins  its  dive.  Typically,  the  vibration  inten¬ 
sities  also  follow  those  characteristics. 

In  a  recent  series  of  flight  tests,  several  mis¬ 
siles  were  instrumented  to  provide  flight  vibration 
data.  Tin'  data  showed  that  tile  rms  vibration  is 
generally  in  direct  proportion  to  the  free  stream  dy¬ 
namic  pressure.  Data  taken  on  the  electronics  bask¬ 
et  resulted  in  a  range  of  ."i.:i  x  Id-*  to  (I.!)  x  Ur* 
g '(lb /ft—)  throughout  flight  for  the  ratio  of  rms  vib¬ 
ration  to  dynamic  pressure.  Since  a  large  part  of  a 
long  range  flight  will  lie  at  high  altitude  (low  dynam¬ 
ic  pressure),  the  vibration  requirements  represent¬ 
ing  that  phase  can  lie  of  correspondingly  low  intensity, 
while  requirements  for  tno  initial  and  final  phases 
of  flight  remain  at  the  more  severe  intensities. 

This  method  minimizes  vibration  test  induced 
stresses  and  still  subjects  the  hardware  to  most 
realistic  requirements. 

Normally,  flight  tests  tire  not  designed  to  reach 
the  performance  limits  of  the  vehicle.  The  relat¬ 
ionship  to  aerodynamic  load  provides  a  method  of 
extrapolating  flight  data  to  design  performance  lim¬ 
its.  The  maximum  monitored  rms  vibration  inten¬ 
sity  is  increased  by  the  ratio  of  maximum  perform- 
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Finnic  .*>  -  Typical  HMS  '  ilirnliun  and  Dynamic  Pressure  Histories 


mice  dynamic  pressure  In  the  monitored  lligln  dvnam- 
ic  pressure  at  the  lime  ot  maximum  pressure.  Spec¬ 
tral  characteristics  ol  the  -i  adored  data  are  applied 
to  the  ext rapolaled  data . 

Fropulsion 

Correlation  id  propulsion  system  imrameters 
with  vibration  lias  not  been  entirely  successful. 
Fluctuations  in  vibration  intensities,  in  some  cases, 
coincide  directly  with  fluctuations  in  such  paramet¬ 
ers  as  fuel  richness  ami  flow  rates,  burning  peculi¬ 
arities,  and  ramjet  diffuser  pressure  oscillations. 
Several  missiles  have  been  instrumented  witli  vibra¬ 
tion  and  engine  duct  pressure  sensors.  However, 
inconsistencies  in  instrumentation  and  the  small 
range  of  the  pressure  oscillations  precluded  quanti¬ 
tative  correlation  of  the  two  parameters.  Cieneral- 
Iv,  vibration  increased  with  increased  pressure,  and 
effects  on  longitudinal  vibration  were  greater  than 
those  on  radial  vibration  in  the  region  of  the  inner- 
body. 

Module  Weight 

Kl feels  of  module  weight  on  local  vibration  char¬ 
acteristics  are  evident  in  the  monitored  flight  data. 
The  vibration  varies  inversely  with  the  module  weight. 
Various  studies  have  been  pursued  to  establish  a  vi¬ 
bration-weight  relationship.  These  studies  have  con¬ 
centrated  on  a  relationship  which  would  be  applicable 
to  hardware  within  the  aeeessorv  com |ort meat,  since 
there  is  a  wide  variation  in  the  physical  cnaraeteris- 
tics  of  that  hardware  and  it  is  mounted  directly  to  the 
airframe.  Klectronics  modules  on  the  basket  are 
similar  to  each  other  in  configuration  and  extensive 
applicable  lliglit  data  is  available  so  that  a  general 
relationship  for  the  electronics  compartment  was 
considered  unwarranted. 


In  deriving  the  expression  tor  vibration  in 
terms  of  module  weight,  an  initial  assumption  was 
made  that  there  is  a  constant  "compartment  level" 
i  ibration  u|mn  w  inch  to  base  estimates  ol  module 
environments.  The  "coiu|iartmcut  level"  environ¬ 
ment  was  taken  as  that  vibration  measured  at  some 
point  on  th<*  airtrame  which  is  unuflcctcd  by  equip¬ 
ment  loading.  The  straight  line  approximation,  or 
equivalent  s|*-etrum,  ol  the  lliglit  data  envelope  lor 
that  monitored  location  provides  the  relcrcncc  for 
weight  modilied  intensiti ’s.  The  empirical  equation 
relating  vibration  to  moduli  weight  is: 


where  gn  is  the  mis  acceleration  in  g's  over  L’O  to 
•jnuti  11/  at  the  point  ol  module  attachment  to  the  air¬ 
trame,  gn  is  the  oinstant  "eom|sirttnent  level"  rms 
acceleration  in  g's  over  L'i>  to  t’noo  ||z,  and  \V  is  the 
weight  in  poum:-  ot  the  module  plus  attachment 
braeketrv.  For  lightweight  modules,  g(1  approaches 
the  unloaded  airtrame  intensity,  g^.  The  range  ol 
weights  in  the  eompirtment  limit  the  calculated  gn 
to  a  minimum  ol  approximated  (in  ol  g^,  In  the 
accessory  compartment,  the  constant  gn  is  L’ti  g’s. 

In  using  liquation  (it)  it  is  inherently  assumed 
that  the  equivalent  s|icetrum  eharaeteristii  s  apply 
to  other  areas  w  ithin  the  same  missile  com,iartment. 
This  has  been  verilied  by  lliglit  instrumentation. 

The  spectrum  is  ndiustcd  to  provide  the  rms  accel¬ 
eration  level  determined  hv  Kqualmn  i :  1 1 .  The  cal¬ 
culated  vibration  level  and  the  ndiustcd  s|>eclr.im. 
then,  provide  the  estimate  ol  the  lliglit  environment 
at  the  particular  module  being  investigated. 

Module  l.ocation 

Telemetered  lliglit  data  has  indicated  that  vibra¬ 
tion  intensities  and  trequenev  characteristics  change 
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with  l>x':it )■  >n  .hriiuglnml  ( 1  m •  missile.  l-ur  a  rnmmon 
ivlerenrr  lor  vt-rifit  atinn  ol  this  phenomenon,  it  is 
ilosi nil iio  in  inouiinr  several  locations  during  giv- 
on  llighl  losl,  since  pcrloi'iiiancc  characteristics 
vary  sigmlicaiit  h  between  llights.  Sueli  data  was  ob- 
lainoii  lor  I  ho  aooosson  ami  all  ooinpartnioiits  i  In  r  - 
in"  two  Might  losls.  Additional  ilala  has  provided  Iho 
ranges  ol  iiilonsil  ios  lor  iho  umeiboih  ami  tho  elect¬ 
ronics  compartment .  Talilo  I  presents  rcpresenta- 
livo  imonsit ios  ami  tho  pivilominaiil  trcqiiencv  char¬ 
acteristics  lor  Iho  missile  rom|<irlmonts.  The  vib- 
ration  in  tho  all  oom|iartiiiont  is  inoro  sovoro  than 
that  in  tho  aooosson  oomparlmont  whioli,  in  turn,  is 
inoro  sovoro  than  that  on  iho  olootronios  basket. 
Moasuroil  all  compartment  \ihralion  has  generally 
Itoon  2-1  2  to  II- I  timos  tiial  moasuroil  on  tho 
olootronios  haskol.  I  ho  inoro  sovoro  onvironmont 
tow  aril  tho  alt  oml  of  tho  missilo  is  attrihuloil  prim¬ 
arily  to  tho  proximity  in  tho  engine  oomhiislor. 


rivoil  by  tho  "oquivalont  s|ioetrum"  technique  do- 
sorihed  previously,  accounting  for  tho  narrow-band, 
hit;h  amplituilo  poaks,  an  extreme  over-design  or 
over-lost  oonilition  would  have  resulted. 

CONC  1.1'SIONS 

The  relationships  disoussed  in  this  |xi|K-r  have 
provided  a  satisfactory  means  of  estimating  TAI.OS 
II i hi  vibration  environments.  While  the  specific 
relationships  oiled  were  derived  for  a  particular 
missile  configuration,  the  discussion  of  the  general 
trends  of  vibration  with  the  various  missile  para¬ 
meters  is  intended  to  suggest  possible  areas  of 
study  of  similar  techniques  in  other  tyiies  of  flight 
vehicles. 


Table  I  -  Compartment  Vibration  Characteristics 


Compartment 

Average  Measured 
Intensity  -  rms  g 

Predominant  frequencies 

11/ 

Itmorln  ulv 

(»-S 

000-800,  1500-2000 

K  loot  run  ies 

t-7 

1. ‘100-2000 

Arrrssnrv 

1-1-20 

1200-1000,  1750-2000 

Aft 

ls-22 

1100-2000 

IK'cusionallv,  it  is  notossary  to  ascertain  wheth¬ 
er  tho  flight  data  is  indeed  representative  of  the  ex¬ 
ternal  environment  at  a  particular  location  or  wheth¬ 
er  it  reflects  some  extraneous  characteristics.  Such 
characteristics  caused  by  tho  data  reduction  process 
are  relatively  easy  to  detect  and  check.  More  diffi¬ 
cult  to  detect  and  verify  are  those  features  in  the 
data  that  are  not  actually  an  external  environment 
but  are  self-generated  within  the  module  being  moni¬ 
tored.  Such  a  situation  existed  in  data  obtained  in 
several  flight  tests  with  instrumentation  on  the  pro- 
IHilsion  fuel  control  system.  In  the  S|>eetral  analy¬ 
sis  ol  telemetered  data,  narrow -band,  high  ampli¬ 
tude  vibrational  energy  apfieared  at  several  distinct 
frequencies  throughout  the  20  to  2000  II/.  band.  This 
data  was  considered  questionable,  since  it  was  sus¬ 
pected  that  the  narrow -band  peaks  were  due  to  noise 
emanating  from  the  fuel  control  system  turbine  /pump; 
but  the  proportion  of  the  spectral  data  which  could  be 
attributed  to  tlie  noise  was  uncertain.  To  resolve 
the  uncertainty,  ground  tests  were  conducted  in  which 
the  tael  control  system  was  operated  normally,  with 
no  external  vibration  excitation  of  the  system.  Var¬ 
iations  in  the  system  o|>crating  parameters  wore  im¬ 
posed  I  .r  simulation  of  the  several  flight  phases.  In 
general,  the  agreement  between  the  flight  and  ground 
data  was  excellent  and  indicates  that  tho  preponder¬ 
ance  of  the  monitored  flight  environment  in  the  im¬ 
mediate  vioinitv  of  the  fuel  control  system  is  sclf- 
genernted.  II  vibration  requirements  had  been  de- 


bnnclwidth  (II/) 
frequency  (II/,) 

0(1)  acceleration  spectral  density  as  a  func¬ 
tion  of  frequency  (g2/llz) 
gn  compartment  rms  acceleration  (g) 

g0  rms  acceleration  at  module  attachment  (g) 

M  free  stream  Mach  number 

p  free  stream  static  pressure  (lb/ft2) 

q  free  stream  dynamic  pressure  (lb/ft2) 

R  single  degree  of  freedom  system  accel¬ 

eration  response  (g) 

W  module  weight  (lb) 

v(f)  transmissibility  as  a  function  of  frequency 
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STRUCTURAL  VIBRATIONS  IN  THE  BELL  AH-LC  HELICOPTER 
DURING  WEAPON  FIRING 


R.  Holland 

Kinetic  Systems,  Incorporated 
Boston,  Massachussetts 

and 


D.  Marcus  and  J.  Wiland 
U.S.  Army  Frankford  Arsenal 
Philadelphia,  Pennsylvania 


This  paper  describes  a  test  program  carried  out  on  the  AH- 
1G  Helicopter  in  which  structural  response  measurements  were 
raade  during  firing  of  the  minigun  and  the  40mm  grenade 
launcher.  Measurements  were  obtained  on  the  gun  turret,  the 
aircraft  structure  near  the  gunner's  station  and  on  a  wing 
mounted  pod.  The  resulting  data  is  presenter  both  in  the 
form  of  acceleration  time  histories  and  shock  spectra. 

A  discussion  of  the  transient  response  due  to  the  firing 
of  each  round  is  presented  as  well  as  the  steady  state 
vibration  at  the  weapons'  firing  rate. 


INTRODUCTION 

The  Frankford  Arsenal  is  respon¬ 
sible  for  the  development  of  a 
number  of  fire  control  systems  for 
the  Bell  AH-1G  Cobra  Helicopter.  In 
the  course  of  insuring  the  suitability 
of  these  systems,  various  programs 
for  measuring  the  dynamic  environment 
at  selected  locations  in  the  aircraft 
are  carried  out.  This  paper  will 
describe  one  such  program  in  which 
acceleration  measurements  were 
obtained  during  firing  of  the  7.62  mm 
minigun  and  the  40  mm  grenade  launcher, 
and  the  data  reduced  in  the  form  of 
shock  spectra  [l] 

The  Bell  AH-1G  Helicopter 
(Figure  1)  is  a  high  speed,  heavily 
armed  aircraft  specifically  designed 
for  the  combat  role.  Its  distinctive 
features  include  the  long  narrow 
fuselage,  aerodynamic  styling,  in¬ 
line  seating  of  the  gunner  and  pilot, 
and  a  chin  mounted  gun  turret.  This 


turret  can  accommodate  two  40  mm 
grenade  launchers,  two  7.62  mm 
miniguns,  or  a  combination  of  one  of 
each  of  these  weapons  as  shown  in 
Figure  2.  Other  armament  includes 
the  20  mm  cannon  and  wing  mounted 
rockets.  These  weapons,  combined 
with  the  associated  detection, 
sighting  and  aiming  equipment  consti¬ 
tute  the  SMASH  system  (Southeast  Asia 
Multi-Sensor  Armament  System  for 
Helicopters).  Important  elements 
of  this  system,  shown  in  Figure  3, 
are  the  infrared  sighting  system  on 
the  nose  of  the  aircraft,  and  a 
radar  pod  mounted  under  the  starboard 
wing. 

This  paper  is  primarily  concerned 
with  the  structural  response  of  the 
helicopter  due  to  firing  of  the 
minigun  and  the  grenade  launcher, 
and  the  effect  of  this  environment 
on  lightweight  equipment.  The 
analyzed  data  is  presented  in  the 
form  of  shock  spectra. 
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KlKINt;  DATA 

I'lie  firing  data  eansisteil  of 
.icee ler.it  ion  time-histories  for  a 
tat.il  of  six  firing  conditions,  three 
witli  tha  gun  turret  in  the  fore-aft 
»asi Lion  (firing  head-on),  and  three 
with  the  turret  rotated  SO  (firing 
in  tile  transverse  direction).  The 
three  firing  eotiditions  at  each 
turret  orientation  were  the  following: 
■".ini  gun  firing  at  a  rate  of  -3000 
rounds  net-  minute,  mini  gun  firing  at 
a  rate  of  2000  rounds  per  minute,  and 
the  grenade  launcher  firing  at  a 
rate  of  ISO  rounds  per  minute. 

Figures  i-ll  show  acceleration  t  ime  - 
hi  store  records  of  the  structural 
vibrations  caused  by  the  firing  of 
the  "linigun  and  the  grenade  Launcher. 
These  records  were  obtained  with  the 
helicopter  on  the  ground  with  the 
engine  running  and  rotor  blades 
turning  at  the  normal  rate. 

Figures  3  and  6  show  the  struc¬ 
tural  rtstnnsi'  due  to  the  minigun 
tiring  head  on  at  its  two  fixed 
tirtiie  rates.  in  Figure  3  the 
firing  rale  is  best  defined  by  the 
virtual  vihr.it  i"i  in  the  gun  turret. 
i'"i-  rate  i-  easier  to  see  in  Figure 
"  t  "c  ."an  is  firing  at  its  low 


rate  and  the  vibration  amplitude  has 
decayed  due  to  structural  damping 
before  firing  of  flic  next  round.  The 
shock  wave  propagation  from  the  turret 
to  till'  frame  can  be  seen  in  this 
figure.  Figure  7  clearly  defines 
tlu'  shock  wave  propagation  from  the 
turret  to  tile  frame  and  pod,  and 
also  shows  tile  30  Hz  vertical  response 
of  the  externally  mounted  pod.  The 
repeated  firing  rate  of  the  grenade 
launcher  is  shown  in  Figure  8. 

Figures  9-11  show  the  structural 
responses  caused  by  the  minigun  and 
grenade  launcher  firing  in  the 
transverse  direction.  The  transverse 
firing  data  were  not  reduced  to  shock 
spectrum  form,  but  are  presented  here 
to  allow  the  reader  to  obtain  a 
visual  comparison  between  the  data 
from  the  two  firing  directions.  It 
should  be  noted  that  the  orientation 
of  the  turret  channels  is  relative 
to  the  bore  axis  of  the  weapon,  the 
longitudinal  axis  thus  being  parallel 
to  the  line  of  fire. 

DESCRIPTION  OF  SHOCK  SPECTRUM 

The  acceleration  t ime -history 
records  of  the  shock  motion  of  the 
helicopter  structure  due  to  the 
weapon  firing  were  defined  using  the 
Shock  Spectrum  Method.  The  defini¬ 
tion  of  transient  shock  environments 
by  this  method  represents  a  special 
form  of  single  degree  of  freedom 
response  analysis.  This  response 
concept  is  regarded  as  representative 
of  the  "damaging  effects"  of  the 
environment  and  is  thoroughly  docu¬ 
mented  in  the  technical  literature. 
Ref.  [2-3]  ,  for  example,  contain 
varied  presentations  of  the  basic 
concepts  involved  in  the  development 
of  shock  spectra  and  their  applica¬ 
tion  to  environmental  shock  analysis. 

In  brief,  the  shocK  spectrum  is 
a  plot  of  the  maximum  relative 
deflection  responses  of  many  simple 
single  degree  of  freedom  systems 
presented  as  a  function  of  system 
natural  frequency. 

Figure  12  presents  a  sample  of 
a  four  coordinate  shock  spectrum  grid. 
A  point  on  this  graph  simultaneously 
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Figure  5  -  Acce  lerai  i  on-t  ime  history  clue  to  minigun  firing 
head  on  at  4000  rounds  per  minute. 
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Figure  6  -  Acceleration-time  history  due  to  minigun  firing 
head  on  at  2000  rounds  per  minute. 
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presents  the  maximum  value  of  the 
three  response  motions  of  a  single 
degree  of  freedom  system  as  a  function 
of  frequency,  i.e.,  displacement, 
velocity  and  acceleration.  The 
relationship  between  these  three 
amplitude  values  and  frequency  are 
given  below  in  Eq .  (1). 

v  =tu  d 
n 

2 

a  =  tu  v  =  to  d  (1) 

n  n 

where  d  is  the  maximum  relative 
deflection  of  a  simple 
system  response  to  a 
shock  input 

v  is  the  peak  velocity 
response 

a  is  the  peak  acceleration 
response 

and  UJnis  the  undamped  natural 

frequency . 

In  order  to  utilize  the  data  in 
the  form  of  shock  spectra,  it  is  first 
necessary  to  determine  the  fundamental 
frequency  of  the  structural  component 
of  interest.  Knowing  the  frequency, 
the  maximum  response  motion  is  found 
in  terms  of  displacement ,  velocity 
and  acceleration  from  the  maximax 
shock  spectrum  curve. 

DATA  ANALYSIS  TECHNIQUE 

The  data  was  analyzed  and 
presented  in  the  form  of  shock  spectra 
using  an  IBM  360  Digital  Computer  and 
a  Stromberg  Carlson  4020  Computer 
Plotter,  the  computer  program  being 
based  on  the  numerical  procedure 
presented  in  Ref.  [2]  .  The  magnetic 
tape  was  digitized  using  a  rate  of 
25,000  points  per  second  in  order  to 


provide  the  desired  accuracy  up  to 
2500  Hz [6]  .  Since  the  repeated 
transients  for  a  firing  condition 
were  similar,  one  transient  was 
selected  from  each  direction  at  each 
location  and  for  each  of  the  firing 
conditions  to  be  analyzed.  In  doing 
this,  the  effects  of  the  repeated 
transients  at  the  weapon's  firing 
rate  were  lost  and  are  not  represented 
by  the  shock  spectra.  Instead,  this 
effect  is  presented  later  as  vibra¬ 
tion  data  which  better  defines  the 
environment.  in  order  to  obtain  the 
resonance  at  the  weapon  firing  rate 
in  Lhe  shock  spectrum,  a  shock  record 
comprised  of  approximately  ten 
transients  would  have  to  be  analyzed. 
The  single  representative  transient 
was  selected  on  the  basis  of  having 
a  well  defined  initial  peak  which 
clearly  indicated  tiie  beginning  of 
the  transient.  Digitizing  was  termin¬ 
ated  when  the  signal  would  blend  into 
the  background  noise.  The  Lime 
.durations  of  the  digitizing  process 
for  the  various  records  are  presented 
in  Table  1. 

SHOCK  ENVIRONMENT 

The  shock  environment  is  repre¬ 
sentative  of  a  single  firing  trans¬ 
ient,  the  dynamic  environment  at  the 
firing  rate  of  the  weapon  is  presented 
in  the  following  section,  "Vibration 
Environment".  The  gun  firing  envir¬ 
onment  of  the  AH-1G  Helicopter,  for 
the  weapon  firing  head-on  is  presented 
in  Figures  13-18  in  the  form  of  3 i 
damped  shock  spectra.  The  three  curves 
in  each  figure  represent  the  environ¬ 
ment  in  the  vertical,  longitudinal 
and  transverse  directions.  These 
spectra  are  maximax  shock  spectra 
and  were  computed  usinit  a  value  of 
damning  of  34.  This  damping  value 


TABLE  1 

Duration  of  Time  History  Digitizing 


Weapon 

Firing  Rate 
(rounds  per  minute) 

Digitizing  Duration 
(mill iseconds) 

Mini gun 

4000 

15 

Minigun 

2000 

Grenade  Launcher 

380 

A  5 

203 
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i  nurt'  I!  -  Three  percent  clamped  shock  spectra  o£ 
turret  tluc  to  grenade  launcher  firing. 
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-  Three  percent  damped  shock  spectra  of 
turret  due  to  minigun  firing. 


Figure  15  -  Three  percent  damped  shock  spectra  of  frame 
near  gunner's  station  due  to  grenade  launcher  firing. 


Figure  16  -  Three  percent  damped  shock  spectra  of  frame 
near  gunner's  station  due  to  minigun  firing. 
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Figure  L7  -  Three  percent  damped  shock  spectra  of  pod 
due  to  grenade  launcher  firing. 
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Figure  L8  -  Three  percent  damped  shock  spectra  of 
pod  due  to  minigun  firing. 


was  selected  since  it  re| resents  a 
lightly  damped  system  wb.le  signifi¬ 
cantly  attenuating  the  undamped  peak 
responses . 

These  spectra  define  the  shock 
environment  in  the  gun  turret,  on 
the  aircraft's  frame  above  the  turret 
near  the  pilot /gunner's  station,  and 
in  the  externally  mounted  pod.  The 
spectra  of  the  minigun  firing  is  an 
envelope  of  the  environment  caused 
by  the  gun  firing  at  both  its  low 
and  high  firing  rates.  The  grenade 
launcher  spectra  was  not  combined 
with  this  envelope  since  the  aircraft 
is  also  supplied  with  two  miniguns 
or  two  grenade  launchers. 

VIBRATION  ENVIRONMENT 

The  vibration  environment  due 
to  the  repeated  transients  of  the 
weapon  firing  was  also  defined  via 
the  Shock  Spectrum  Method.  The 
integral  of  the  shock  time  history 
curve  represents  the  impulse  of  one 
transient.  This  is  equivalent  to 
measuring  ground  motion  with  a  low 
frequency  seismometer.  This  impulse 
is  used  as  the  peak  amplitude  of  a 
simusoidal  motion  for  a  vibration 
test.  The  result  is  a  vibration 


amplitude  and  frequency  which  is 
representative  of  the  gunfire  environ¬ 
ment.  To  the  authors'  knowledge, 
there  is  at  present  no  better  method 
of  analyzing  the  environment  of  rapid 
firing  guns.  As  an  example,  the 
velocity  content  of  the  turret  in 
the  longitudinal  direction  due  to 
the  grenade  launcher  firing  head-on 
at  a  rate  of  .180  rounds  per  minute  is 
23  in. /sec.  This  environment  can  be 
simulated  bv  a  6.3  Hz  sinusoidal 
velocity  excitation  having  a  peak 
amplitude  of  23  ips ,  which  is  equiva¬ 
lent  to  a  double  amplitude  of  1.2  in. 
The  response  of  the  component  being 
tested  would  then  be  a  function  of 
its  damping  and  natural  frequency. 

This  approach  allows  a  simple  vibra¬ 
tion  test  to  be  specified  to  qualify 
equipment  for  the  rapid  gunfire 
environment . 

SUMMARY 

The  structural  vibrations  of  the 
Bell  AH-1G  Helicopter  due  to  weapon 
firing  have  been  measured  at  three 
locations  of  interest  and  reduced  to 
the  form  of  shock  spectra.  This  data 
should  prove  useful  in  the  design  of 
equipment  to  be  installed  in  the 
helicopter,  and  for  the  development 
of  test  specifications. 
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CHARACTERISTICS  OF  (JUKI- IRK  INDUCED 


VI  BRAT  I  ON  IN  HELICOPTF.RS 


C.E.  I'licmas  .in.  V.C.  McIntosh 
Air  Force  Flight.  Dynamics  1. ; ibor.it ory 
Wr  ight-P.it  tersen  Air  Force-  base,  Ohio 

Flight  measurements  of  vibration  Induced  by  armament  fire  on  three  types  1 
of  helicopters  are  described.  instrumentation  and  data  analysis  pro-  j 
cedures  are  discussed  briefly.  Overall  vibration  levels  as  a  function  ! 
of  distance  from  the  gun  muzzles  are  presented.  The  increase  in  vibra-  ■ 
tion  levels  during  gunfire  over  those  encountered  in  normal  flight,  and  | 
the  variation  in  vibration  spectra  with  rate  of  guulirc  are  illustrated.  | 
Amplitude  probability  density  curves  and  oscillograms  of  acceleration  | 
time  histories  are  utilized  to  indicate  the  degree  of  randomness  of 
armament  fire  vibration  in  various  frequency  bands. 


INTRODUCTION 

The  Air  Force  Flight  Dynamics  Laboratory 
in  cooperation  with  the  U.S.  Army  Electronics- 
Command  has  completed  extensive  vibration 
measurements  on  three  helicopters.  Eacli  heli¬ 
copter  was  equipped  with  one  or  more  7.62 
millimeter  machine  guns  whose  specified 
(nominal)  firing  rates  were  either  2000  or 
6000  SPM.  A  60  millimeter  grenade  launcher, 
and  2.75  inch  rocket  launchers  were  also 
installed  on  two  of  the  helicopters.  Vibration 
measurements  were  made  throughout  the  helicop¬ 
ters  while  the  various  armaments  were  fired. 
This  paper  reports  the  results  of  the  analyses 
of  these  measurements  and  illustrates  the 
spatial  distribution  of  vibration  levels, 
frequency  spectra,  and  amplitude  distributions. 

HELICOPTER  DESCRIPTIONS 

The  helicopter  which  is  designated  No.  1 
(Figure  1)  is  an  observation  type  in  the  2500 
pound  gross  weight  class.  A  7.62  millimeter 
minigun  was  installed  externally  on  the  left 
side  of  the  helicopter  with  tne  gun  muzzle 
approximately  12  inches  outboard  of  the  fuse¬ 
lage  sidewall  at  fuselage  station  70.  The 
minigun  was  fired  at  rates  of  2000  or  6000 
shots  per  minute  (SPM). 

The  No,  2  helicopter  (Figure  2)  is  a 
utility  type  in  the  9000  pound  gross  weight 
class.  It  was  equipped  witli  two  7.62  milli¬ 
meter  miniguns  installed  externally  on  arma¬ 
ment  mounts  on  each  side  of  the  helicopter. 

The  gun  muzzles  were  at  fuselage  station  105 
approximately  25  inches  from  the  fuselage  side- 
walls.  Two  seven-tube  rocket  launchers  were 
installed  outboard  of  the  guns  on  the  armament 


*  »  * 


Figure  1.  Armament  Configuration  and  Trans¬ 
ducer  Locations  for  Helicopter  No.  1 

. 

*  * 


***** 


Figure  2.  Armament  Locations  and  Transducer 
Locations  for  Helicopter  No.  2 
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Figure  3.  Armament  Configuration  ami  Trans¬ 
ducer  l.ivat  ions  for  Helicopter  No.  3 


1  NSTRl'MKNTA  V 1 1  »N  AND  AN  A  l  VS  I  S 

I nst  rument a t  i on  consisted  of  (1)  Kndevco 
2200  series  i.rvstal  acce leromeLer s  bonded  to 
a  i  rcr.il  t  structure  bv  epoxv  cement,  (2)  a  12- 
cbannel,  '••position  selector  switch,  (J)  a  12- 
cb.tnnel  signal  conditioning  box  utilizing 
operational  amplifiers  with  external  circuitry 
to  obtain  high  input  impedance  and  variable 
gain,  (4)  a  voi.e  microphone ,  and  (3)  a  14- 


‘bintn  l,  I'M  tape  recording  system  utilizing 
io  ips  tape  speed  and  54  KHz  carrier  fre¬ 
quencies.  Accelerometers  were  mounted  in 
flu  dots  ft  three  to  sense  vibration  along  the 
i;.tiv  major  helicopter  axes  at  locations 
indicated  in  Figures  1-3.  Record  lugs  were 
made  during  guilt  ire  at  2UU0  and  4l)U(J  S PM  and 
.luting  re c i i * t  and  grenade  salvo. 

Flight  recordings  were  copied  in  the 
1  aner.it orv  on  continuous  loops  of  tape  for 
per  io.ls  of  lime  that  did  not  exceed  the  period 
.*1  armament  firing  (one  to  four  seconds), 
llio'.e  loops  were  then  played  back  and  analyzed 
on  a  Spectral  Dynamics  l.’orporat  ion  Model  S1J- 
IUIA  spectrum  analyzer.  A  10  Hz  bandwidth, 
one-second  averaging  time,  and  two  llz  per 
second  swoop  rate  were  used  for  frequency 
analyses  covering  the  range  from  5  to  1000  Hz. 
rite  bandwidth  and  sweep  rate  were  increased  to 
20  11/  and  tour  llz  per  second,  respectively, 
for  analyses  covering  the  range  from  5  to 
r»000  Hz. 

Amp  1 i tude  probability  density  (APD) 
analyses  of  selected  vibration  recordings 
were  conducted  using  a  Culton  Industries 
Statistical  analyzer.  Controls  zn  this 
analyzer  were  adjusted  to  obtain  an  amplitude 
range  of  t  3  standard  deviation  units,  a 
smoothing  time  constant  of  three  seconds,  and 
a  scanning  time  of  450  seconds. 

OVERALL  VI U RATION  LEVELS 

Figure  4  illustrates  overall  lateral 
acceleration  level  on  Helicopter  No.  1  as  a 
function  of  fuselage  station  during  the  attack 
mineuver,  gunfire  at  2000  SPM,  and  gunfire  at 
4000  SPM.  The  muzzle  of  the  single  gun  on 
this  helicopter  is  located  at  fuselage  station 
70.  The  maximum  overall  acceleration  level  of 
23.4  g’s  was  detected  by  an  accelerometer 
located  at  fuselage  station  62,  8  inches  for¬ 
ward  of  t he  gun  muzzle.  Gunfire  vibration 
levels  at  fuselage  stations  50  inches  forward, 
and  aft,  of  the  gun  muzzle  are  less  than  25% 
of  the  maximum  level.  Vibration  levels  at 
locations  near  the  gun  muzzle  increase  greatly 
during  gunfire.  For  example,  at  fuselage 
station  62,  the  vibration  level  increased  from 
0.6  g  for  the  attack  maneuver  to  23.4  gfs  for 
gunfire  at  4000  SPM.  Figure  4  also  shows  that 
the  overall  vibration  level  increased  approxi¬ 
mately  20%  as  the  firing  rate  was  increased 
from  2000  to  4000  SPM.  Overall  acceleration 
levels,  at  all  locations  except  at  fuselage 
station  220,  are  appreciably  higher  during 
gunfire  than  those  during  the  attack  maneuver. 
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Figure  4.  Variation  of  Overall  Lateral  Acceleration  Level  with 
Fuselage  Station  on  Helicopter  No.  1  During  Gunfire 
and  Attack  Maneuver 


The  variation  of  overall  vertical 
acceleration  level  with  fuselage  station  on 
Helicopter  No.  2,  during  gunfire,  is  presented 
in  Figure  5.  The  maximum  gunfire  vibration 
level  (10.1  g's)  was  measured  by  an  accelero¬ 
meter  located  at  fuselage  station  95,  10  Inches 
forward  of  the  gun  muzzles.  Gunfire  effects 
are  somewhat  less  localized  than  they  were  on 
Helicopter  No.  1.  Gunfire  vibration  levels  at 
distances  of  100  inches  forward,  and  aft,  of 
the  gun  muzzles  are  nearly  505!  as  high  as  the 
maximum  level.  Overall  gunfire  vibration 
levels  are  greater  than  3  g's  throughout  the 
helicopter. 


Figure  5.  Variation  of  Overall  Vertical  Acceleration  Level  with 
Fuselage  Station  on  Helicopter  No.  2  During  Gunfire 
and  Attack  Maneuver 
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.ire  obtained  from  l !  1  r c f  lateral  ncceloro- 
meLers  located  in  iho  nose  compartment .  All 
three  Inter. il  accelerometers  were  lorn  toil  near 
ftevlnge  station  bl),  just  forward  of  Lhe  gun 
muzzle*,  hut  they  were  at  ditler-'nl  lateral 
distances  I  rom  the  yarn.  The  aae I eromet i*r  lor 
tin-  upper  plot  was  lorn  Led  only  2(>  inches  1  rom 
the  i;im  muz/. le.  This  spectrum  shows  a  peak 
level  it  approx  im.it  e  1  y  4  p.'s  at  07  list,  the 
fundament  a  1  punt  ire  frequency.  The  spectrum 
then  ic mains  tvl.il  ivelv  Mat  to  1000  llz  except 
tor  minor  peaks  at  harmonics  of  the  punlire 
I  requeue  v  .  Hu*  act  e  I  eromet  er  tor  Lhe  center 
plot  was  1 0c.1t ed  in  the  center  oi  the  nose 
compartmenL  approximately  4U  inches  from  the 
pun  muzzle.  lhe  lower  plot  is  for  an  accelero 
meter  located  on  the  riphl  side  of  the  nose 
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Figure  »>.  Variation  ot  Overall  Fore  and  Alt  Acceleration  Level  with 
Fusel  ape  Station  on  helicopter  No.  3  During 
Gunfire  and  Attack  Maneuver 


i  igutv  7  miows  a  comparison  of  the  over¬ 
all  vibration  data  1 rom  Helicopters  No.  1  and 
l.  liiis  figure  illustrates  major  differences 
in  l*e t n  punlire  vibration  levels  and  the 
variation  oi  these  levels  with  distance  from 
tiie  pun  muzzles*  lhe  distance  of  the  gun 
muzzles  t rom  the  tuselape  sidewalls  for  Heli¬ 
copters  No.  1  and  3,  are  12  and  2U  inches, 
respectively.  This  difference  certainly  could 
amount  tor  higher  vibration  levels  measured 
on  Helicopter  No.  1.  Also,  the  gross  weights 
ol  the  two  in*  1 i copters  are  250U  pounds  for 
hi  li  opter  No.  1  and  VOOU  pounds  for  Helicopter 
N.-.  3.  Ihis  difference  in  gross  weights  and 
d i M  erenees  in  structural  rigidity  could  result 
in  lower  vibration  response  for  Helicopter  No. 
3,  and  1  Mo  could  affect  the  rate  of  change  of 
pun!  ire  levels  with  distance  from  the  gun 


compartment  approximately  56  inches  from  the 
gun  muzzle.  These  plots  show  that  at  all 
frequencies  above  400  Hz,  the  gunfire  vibration 
ii  attenuated  as  it  Is  transmitted  from  the 
left  to  the  right  side  of  the  nose  compartment. 
At  1000  Hz,  the  vibration  level  is  1.5  g's  on 
the  left  side  of  t he  nose  and  only  0.11  g  on 
t he  right,  or  the  level  has  decreased  by  a 
factor  greater  than  10  as  vibration  was 
transmitted  through  30  Inches  of  structure. 

The  overall  accel  .ration  levels  for  the  three 
locations  were  23.4  g’s  on  the  left  side, 


i’rii  *  ’"i  Ni  V  M’fC  I'KA 

Figure  S  snows  tvpii  il  frequenev  spectra 
o  .nr ring  on  Helicopter  No.  1  during  gunfire 
it  sr*!.  The  threi  plots  in  this  figure 
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Figure  7.  Variation  ot  overall 
t  r » t.nn  Mu/Hi 
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Figure  S.  Lateral  Vibration  >pe«  t  r.i  i:. 
(K.S.  b2)  of  Helicopter  No.  1  During  ( <u:i tit 
linn  Mounted  on  Lett  Side  »•!  i!t  1 


14.3  g*s  in  tlu»  center  and  :>.b  g*s  on  the 
right  side. 

Figure  9  shows  a  comparison  of  vibrat  ion 
spectra  from  Helicopter  No.  1  at  gun  tiring 
rates  of  2000  and  4000  Sl’M.  Hie  attack 
maneuver  spectrum  also  is  shown  in  the  lower 
plot  to  indicate  the  decreased  level  of  vibra¬ 
tion  existing  without  gunfire.  Tae  two  up  pel 
plots  show  the  first  five  harmonics  of  tin* 
fundamental  gunfire  f  i*t  <juenc  ies  (37  and  o7  Ii:* ) 
rather  clearly,  hut  higher  harmonics  ai\  %i  i  I  li¬ 
eu  1 t  to  detect.  Both  spectra  show  maximum 
levels  at  600  Ha.  Spectrum  levels  are  slightlv 
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Figure  9.  Lateral  Vibration  Spectra  in  Nose  Compartment 
(K.S.  62)  of  Helicopter  No.  1  During  Gunfire  at  4000  SFM, 
•  Gunfire  at  2000  SPM,  and  the  Attack  Maneuver 

levels  up  to  1.0  g  at  frequencies  between 
1000  .uni  2000  Hz,  and  levels  above  0.3  g  up  to 
>000  Hz.  These  levels  are  low  relative  to  the 
peak  of  4  g's  which  occurred  at  600  Hz.  How¬ 
ever,  the  20  Hz  analyzer  bandwidth  may  be 
narrower  than  the  response  bandwidths  of  some 
structures  and  equipments  at  frequencies  above 
1000  Hz,  and  spectrum  levels  obtained  from  the 
20  Hz  analysis  bandwidth  could  be  misleading. 

One-third  octave  spectrum  levels  for  the  4000 
SI’M  gunfire  recording  varied  between  3  and  4 
g's  in  the  frequency  range  of  1000  to  5000  Hz. 

These  levels  could  result  in  malfunction  of 
sensitive  equipment. 
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Figure  10.  Lateral  Vibration  Spectra  in  Nose  Compartment 
(F.S.  62)  of  Helicopter  No.  I  During  Gunfire 
at  4000  and  2000  SPM 


Spectra  obtained  from  the  lower  nose 
compartment  (fuselage  station  0)  of  Helicopter 
No.  2  an  shown  in  Figure  11.  Spectra  for 


grenade  salvo,  gunfire,  and  the  attack  maneuver 
are  shown  on  the  upper,  center,  and  lower  plots, 
respectively.  The  gun  firing  rate  was  expected 
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to  be  4000  SPM,  but  the  '  elite!  spot  t  run 
clearly  shows  gunfire  hurnson i rs  spared  .it 
multiples  of  45  llz  ami  wiiii  h  i  urresponds  to 
an  actual  }>iin  lire  rate  of  3700  SI'M.  he 
spectrum  1 4  *  r  grenade  salvo  is  sij.il.  u  to  t  li.it 
for  gunfire  except  tor  tin*  lower  gunfire 
harmuniis.  both  spectra  peak  it  !»U0  li/.  a:i<i 
are  approx  im.it  e lv  tie-  s.»n«  l«*v»  i. 


Figure  II.  Vertiial  Vihiat  i<*n  Spot  tra  » »n  l.o\er  Si 
(F.S.  0)  oi  Ihli.opter  No.  J  During  On-is.uh  >  » 1  *. 

a:i«l  t  i.i  At  t  .i>  r  .“..an  over 


Figure  13  contains  spectra  f » •  r  tin.  ait 
electronics  compartment  (fuselage  station  17 
of  Helicopter  No,  2  for  rmket  salvo,  gun¬ 
fire  til  4000  SPM,  and  the  attack  maneuver, 
check  on  spacing  of  gunfire  narmoniis  shows 
that  the  machine  gun  was  firing  at  an  actual 
rate  of  3500  SPM.  The  spectrum  for  rocket 
launch  also  is  similar  to  that  for  gunfire, 
but  the  rocket  salvo  spectrum  has  higher 
levels  below  50  Hz  and  above  500  liz.  1  In¬ 
spect  rum  for  the  attack  maneuver  exhibits 
peaks  in  the  range  of  100  to  300  Hz.  Ilu  si 
peaks  occur  at  harmonics  of  the  tail  rotoi 
blade  passage  frequency  (5b  Hz).  The  vibra¬ 
tion  induced  by  the  tail  rotor  also  lontri- 
butes  to  corresponding  peaks  in  the  gunfire 
and  rocket  salvo  spectra.  Apparent lv,  tin- 
peaks  in  the  response  at  frequencies  ale- 
300  ilz  are  determined  more  by  structural 
resonant  frequencies  than  by  the  ex*  itut ion 
from  armament  fire,  since  gunfire,  rocket  li 
and  grenade  fire  produce  verv  similar 
spectra . 

Spectrum  plots  for  the  aft  electronics 
compartment  (fuselage  station  310)  of  Heli¬ 
copter  No.  3  during  grenade  salvo,  rocket 
salvo,  and  gunfire  at  4000  SPM  from  the 
nose  turret  guns  are  contained  in  Figure  11. 
This  location  is  355  incites  alt  of  the  turn- 
gun  and  grenade  launcher  muzzles.  Overall 
acceleration  levels  due  to  guilt  ire  and 
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ViTl  ii'.il  Vibration  Spectra  on  Structure  Near  Fuselage  Station  173 
Hoi  icopter  No.  J  During  Rocket  Salvo,  Gunfire  at  35UO  SPM, 
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Figure  13.  Vertical  Vibration  Spectra  In  Aft  Klectronics  Compartment 
(F.S.  310)  of  Helicopter  No,  3  during  Grenade  Salvo,  Rocket  Salvo, 
and  Gunfire  from  Turret  Guns  at  4000  SPM 
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Figuie  1A.  Vert  *..il  Vinr.it  ion  >;u*«tr.»  .a  iurret  I:.l»r:.i< 

(F.S.  09)  of  Hel  i ropier  No.  J  I Ju r  i i.^:  ii.rr«  !  t  .«t  .’hij1)  •  '  ‘)<j  i  “ 


ACCIil.KKATI ON  I’ROBABl  MTV  W.NSI'lY 

Ampl  i tude  probability  di-tisitv  (Ai'D) 
analyses  were  conducted  on  f  i  1 1 «•  r «*i!  (10  H/ 
bandwidth)  acceleration  Line  1 1  i  -*  t »» r  it  *  ^  during 
gun,  rocket,  and  grenade  firing.  *  >s»  i  1  1  .y  i  a:*  - 
of  the  tiltered  .in  eler.il  ion  data  also  mi. 
obtained.  The  decree  ol  randoi::m  «•!  t  a« 
vibration  is  illustrated  bv  both  t:n-  /.!’.»  |'la- 
and  the  oscillograms. 

Figure  I r)  illustrates  AIM)  plots  .ma 
oscillograms  of  10  Hz  bands  of  m  ce  1  et  .<!  ieii 
tlnu  histories  from  Helicopter  No.  )  *iurin* 
gunfire  ol  tin*  two  nose  turret  guns  at  a 
combined  rate  of  A000  Sl’M.  Ihe  ;ioi  K  riOti  r 
was  located  .it  the  nost  turret  intei  ia.  »  .  .in 
63  IU  center  frequency  il  lust  rat  id  is  t,,. 
fundamental  firing  rate  of  the  miniguns 
(slightly  below  A000  SI’M).  In  this,  t  reqm  -n.  \ 
band,  the  acceleration  is  largelv  s inuso iu-i  1 . 
The  AIM)  plot  and  the  ose  i  1  logra::.  tor  tin 
dbA  Hz  center  frequence  illustrates  rainier 
vibration  with  essentially  Gaussian  distribu¬ 
tion.  Although  not  included  herein,  a  lam 
number  of  AIM)  .malvses  were  performed  on 
other  gunfire  time  histories.  In  general, 
these  analyses  confirm  the  results  illustram; 
by  Figure  lr).  In  frequency  Kinds  below  duo  H.:, 
gunfire  vibration  generally  is  more  uearlv 
sinusoidal  than  random,  and  above  JUU  to  300 
Hz  gunfire  vibr.it  ion  is  predominant  lv  r.uuior 
with  essential lv  Gaussian  probabilitv  dtu^itv. 


Both  rocki't  and  grenade  salvo  iv.  ur  at 
rales  ot  four  to  six  shots  per  seciuui.  I:.» 
corresponding  vihrat ion  response  is  a  herit¬ 
or  train  of  transient  vihrat  ions  whiih  i.avi 
broad  h.ind  frequence  content  and  de.  av 
approximately  to  initial  conditions  between 
firings.  Figure  lb  shows  AIM*  plots  and 
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inches  aft,  of  tin*  gun  muzzles.  At  distances 
greater  than  100  inches  aft  of  the  gun  muzzles, 
gunfire  vibration  levels  generally  are  not 
significantly  greater  than  the  levels  without 
gunf ire . 


8 


The  maximum  overall  acceleration  levels 
during  gunfire  are  greatly  influenced  by  tin- 
el  {stance  of  the  gun  muzzles  from  the  fuselage 
sidewalls.  Maximum  levels  measured  on  Heli¬ 
copter  No.  1  where  the  gut.  muzzle  was  id 
inches  from  the  sidewall  were  twice  as  great 
as  the  levels  measured  on  Helicopters  No. 

2  and  3,  win- re  the  gun  muzzles  were  2j  and  JO 
inches,  respectively,  from  the  sidewall-.. 

based  on  lf>  measurements  within  *>U  it.,  h« 
oi  the  gun  muzzles  on  three  he  1  i*  opt *  t  -> ,  i  .. 
average  r.il  io  of  overall  acceler.il  ion  1 
during  guntire  to  that  during  lie  att.ui 
maneuver  without  gunfire  was  12.5.  lie  i- 
mum  ratio  obtained  from  measurement  s  tin., 
helicopters  was  39. 

based  on  the  average  ol  42  measure:*.*  nt 
on  two  helicopters,  overall  acceleration 
levels  during  gunfire  at  40UU  SINS  are  JO*, 
greater  than  overall  acceleration  levels 
during  gunfire  at  2000  SPM.  Increased 
acceleration  levels  occur  throughout  must 
of  the  frequency  range  at  the  higher  gunfire 
rate,  but  die  increase  is  more  pronounced  at 
frequencies  above  500  liz. 

The  frequency  spectra  of  heliiopu-r 
acceleration  induced  by  7.62  millimeter  gunfire 
are  characterized  by  well  defined  peaks  at  the 
fundamental  gunfire  frequency  and  the  first 
five  harmonics  of  the  fundamental.  At 
frequencies  above  200  to  300  Hz,  harmonK 
peaks  are  less  pronounced,  indicating  more 
continuous  spectra  and  more  random  vibration 
that  usually  is  associated  with  continuous 
spectra.  Maximum  acceleration  levels  due 
to  all  types  of  armament  fire  occur  in  the 
frequency  range  of  250  to  600  Hz,  but 


apnre.  i .  i  i)  1  •  -  .in  e  1  «-r  at  i  .-n  levels  exist  at 
frequent  ie-i  up  tn  5000  Hz. 
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l.qu  i  p::.i-iit  Seiiinit.il  Ar.  .i,  r.  .Initz, 

t iie  Armv  i'lvje  t  i.ngin.iei  !.*r  1 1 ■ «.  :  lig.it 
vibr.it  ieit  ,,.e.i'*i. rerent  :•» .  Mr.  h.i.  V.  .  t  t:. 

Air  K«»r»-e  ilicM  Hyn.u-.ii  s  l..iiu*»  .*  t  -ry  also 
desi-rv.  s  speti.tl  re*  e.-ii  i  t  i  on  J.-r  his  .is«*  ist.uu 
i  n  anal  y/.  i  ng  t  j.e  vlbr.it  i*-r.  *:at  a  . 


DISCUSSION 


McCaskcll  (Bell  Helicopter):  I  judge  from  your 
conclusions  that  you  are  implying  that  basically  the 
helicopter  vibrations  arc*  influenced  more  by  muzzle 
blast  than  by  recoil  of  the  systems. 

Mr.  McIntosh:  Yes  sir,  very  definitely. 


Mr.  McCaskcll:  You  covered  a  t  re  mend-  »us 
amount  of  ground  in  your  work  and  it  is  going  to  be 
tremendous  help  to  us.  Did  you,  in  fact,  on  ship 
number  3  for  instance  do  off- angle  firing? 

Mr.  McIntosh:  We  did,  however,  none  of  that 
data  is  included  in  this  paper. 
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inflkjit  yihkatiux  and  xnisi.  snip)  of  inui.i.  iii.i.icoiti.ks 


Phyllis  G.  Bolds  .uii.1  John  1.  .Vh 
Air  Force  IT  iglu  Dynamics  Laboratory 
Bright -Patterson  Air  h nv  Huso,  I'hio 


Tl.e  Air  Force  Flight  Dynamics  I.ahoratory  has  obtained  inflight  vibration 
and  acoustic  data  on  a  series  of  helicopters  for  upgrading  of  environ¬ 
mental  design  criteria  and  verification  of  dynamic  prediction  techniques. 
These  data,  acquired  from  several  helicopters,  are  discussed  in  detail. 
The  individual  and  collective  characteristics  of  these  helicopters  are 
determined  as  a  function  of  dynamic  measurement  levels.  These  levels  are 
then  related  to  sources,  i.e.,  rotor,  aerodynamics,  and  engine;  and 
performance  characteristics,  i.e.,  hover,  take  off,  and  speeu  range.  The 
spatial  distribution  from  vehicle  to  vehicle  are  also  considered.  The 
measured  data  used  in  this  study  covers  jet  engine  powered  helicopters. 
The  data  was  examined  to  determine  whether  it  is  generally  random  (dis¬ 
tribution  of  amplitudes)  or  sinusoidal  in  nature.  The  specifications 
relating  to  personnel  and  equipment  for  vehicles  of  these  general  types 
were  examined,  and  changes  were  recommended  as  indicated  by  these  data. 


I  XT)  •AUCTION 

Human  discomfort  and  equipment  malfunction 
are  occurring  in  military  aircraft  operating 
under  combat  conditions.  This  indicates 
either  an  inaccurate  assessment  of  the  envi¬ 
ronment  or  the  use  of  data  that  is  not  current 
to  prepare  personnel  comfort  and  equipment 
specifications.  To  obtain  this  needed  infor¬ 
mation  for  current  helicopters  the  Air  Force 
Flight  Dynamics  Laboratory  and  the  Army 
lilectronics  Command  (AMSHL)  participated  in  a 
joint  effort  to  determine  helicopter  dynamic 
characteristics  under  simulated  combat  condi¬ 
tions,  including  gunfire.  This  program  is 
part  of  a  continuing  effort  by  the  Air  Force 
Flight  Dynamics  Laboratory  to  acquire  com¬ 
prehensive  vibration  and  noise  data  on  all 
ava i 1 ab 1 e  a i rc raft  and  missiles. 

The  objective  of  this  paper  is  to  discuss 
the  non-gunfire  portion  of  these  results:  to 
show  the  measured  dynamic  response  of  each 
test  vehicle  as  a  function  of  performance  and 
station;  to  compare  these  data  with  existing 
environmental  specifications,  i.e.,  M1L-STP- 
81011(1),  relating  to  helicopter  equipments, 
MI1.-A-88D6A,  relating  to  the  sound  pressure 
level  in  aircraft,  and  MII.-1I-8501A,  vibration 
specifications  relating  to  helicopter  per¬ 
sonnel  . 


TI.ST  VII 1 1(11.1:  DF.SCIi!  I’TIONS 

Helicopter  A,  shown  in  Fig.  1,  is  a  single¬ 
engine  aircraft  in  the  9000  pound  weight  class.. 
The  aircraft  missions  are  to  transport  per¬ 
sonnel  and  equipment,  medical  evacuation,  and 
ambulance  service.  Mien  equipped  with  armament, 
it  may  be  used  to  deliver  point  target  and  area 
fire  power.  Helicopter  11,  shown  in  Fig.  2,  is 
a  light-weight,  single  engine,  four-place  heli¬ 
copter,  Primary  mission  of  this  helicopter  are 
observation,  target  acquisition,  reconnaissance, 
and  command  control.  Mien  equipped  with  an 
armament  subsystem  it  is  capable  of  defense 
against  ground  based  fire  from  automatic- 
weapons  and  small  arms.  Helicopter  C,  shown 
in  Fig.  A,  is  an  armed  tactical  vehicle  with 
two  seats  and  weighs  approximately  5000 
pounds  empty  and  grosses  at  0500  pounds .  The 
primary  mission  of  Helicopter  C  is  fire  support. 
General  data  for  the  three  test  vehicles  arc 
listed  in  Table  I . 


FUd.D  MLASURF.MF.NT  AND  ANALYSIS 

The  flight  instrumentation  consisted  of  an 
average  of  hi  piezoelectric  accelerometers  for 
each  of  the  three  surveys,  12  crystal  micro¬ 
phones,  12  low  frequency  accelerometers  (0  to 
100  Hz),  a  15-channel  signal  conditioning  unit 
containing  operational  amplifiers  with  external 
circuitry  for  continuously  adjustable  gain,  a 
voice  microphone,  and  a  1 -I -channel  I’M  magnetic 
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figure  3.  Selected  Transducer  Locution  - 
Helicopter  f 

tape  recorder  utilizing  30  ips  tape  speed  and 
54  KHz  center  frequency  FM  record  amplifiers, 
figure  4  shows  a  block  diagram  of  the  data 
acquisition  system.  The  piezoelectric  accel¬ 
erometers  were  mounted  usually  in  groups  of 
three  and  oriented  to  sense  vibration  along 
the  major  axes  of  the  helicopter.  Microphones 
were  mounted  externally  along  the  longitudinal 
axis  anu  on  the  upper  surface  of  the  heli¬ 
copter  to  sense  blade  passage  excitation,  ex¬ 
ternally  on  the  armament  mount  and  internally 
on  the  pilot  and  co-pilot's  helmets,  rear 
cabin,  cabin  bulkhead  and  avionics  compart¬ 
ment.  Low  frequency  accelerometers  were 
mounted  on  the  instrument  panel ,  right  and 
left  side  of  the  cabin  floor,  fuselage- tail 
section  interface  and  tail  boom.  All  pickups 
were  calibrated  in  the  laboratory  using  the 
same  cables,  connections  and  mounting  brackets 
used  during  flight  measurements.  The  accuracy 
limitations  of  the  flight  measurement  systems 
are  a  simulation  of  errors  contributed  by 
transducer,  signal  conditioning  equipment  and 
tape  recorder.  ITie  maximum  error  of  any  one 
of  these  elements  is  unlikely  to  exceed  +5$  of 
full  scale  output.  A  reasonable  estimate  of 
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the  maximum  overall  error  is  the  root -mean- 
square  of  the  errors  of  the  throe  contri¬ 
butors  or  +8.7"  of  full  scale  output. 


i  i 


.  v— ■ 


figure  4.  block  Diagram  of  Data  Acquisition 
System 

Measurements  were  taken  during  ground 
runup,  take  off,  climb,  level  flights  at 
various  speeds  and  altitudes,  hover,  descent, 
autorotation,  combat  approach  to  landing, 
turns,  sideward  flight,  and  rearward  flight, 
for  each  flight  condition,  a  Id-channel  data 
sample  of  20  seconds  duration  was  generally 
recorded  for  each  of  the  nine  selector 
switch  positions.  Recorded  flight  information 
included  altitude,  airspeed,  rate  of  climb 
or  descent,  pitch  angle,  roll  angle,  engine 
speed,  main  rotor  speed,  torque  pressure,  luel 
weight,  outside  air  temperature  and  tail  pipe 
temperature. 


TABU:  II 


fRHqtlf.NCY  ANALYSIS  I’ARAMHTbilS 


iiffeetivc 

Bandwidth 

Hi:) 

frequency 

Range 

(H:l 

True 

Averaging 
Time  (Sec) 

Scan 

Rate 

(Hz/Sec) 

3 

"  100 

5 

0.2 

15 

0-500 

■1.1 

1.0 

35 

501-1000 

2.0 

“.U 

75 

1001-0000 

1.0 

22.0 

Ihe  data  reduction  procedures  consisted 
of  playing  back  all  records  on  a  tape  record/ 
reproduce  system  and  measuring  overall  nits 


levels  on  a  level  recorder.  Data  samples  ne¬ 
cessary  to  establish  maximum,  minimum,  and 
average  levels,  and  to  indicate  variation  in 
environmental  levels  with  1  light  parameters, 
were  selected  and  analyzed  in  detail.  A  list 
of  the  selected  performance  cli.ai  act ei  i *-t  ivs 
of  the  analyzer  are  contained  in  luLle  II. 
fable  III  presents  a  summary  < > I  the  flight 
test  conditions  lur  whuh  detailed  ana  lug 
analyses  were  made.  Ihe  lata  re-lilting  from 
the  analog  analysis  wore  pm s ,  ~e  I  using  an 
1  KM  701  l/T.i.l  computer  ^vstem.  Ihe  computed 
data  were  Milled  into  the  di  -lied  ider  and 
then  plotted  hv  an  automat  i,  plottei  having 
tape  input  inpabi I i ty.  \  I •  1  < u  L  diagiam  i  I  the 
d.ata  analysis  ystem  i-  dmwn  in  ligure 


r 


figure  a.  Block  Diagram  of  Data  Analysis 
System 

DA  I A  I 'K1 . SI. .VI  All  OX 

Approximately  1  SI  of  the  analyzed  data  is 
presented  in  this  paper,  figures  1  through  a 
show  transducer  locations  selected  for  presen¬ 
tation  for  i  lei  i  copters  A,  B,  and  (!,  respecti¬ 
ve  1  y . 

lour  piezoelectric  vibration  transducers 
were  selected  from  each  helicopter  survey  at 
similar  locations  in  each  of  the  following 
areas:  (a)  nose  section,  ifi  instrument  panel 
(ci  cargo  area,  and  idi  tail  boom.  Helicopter 
B  has  no  comparable  transducer  in  .he  nose 
section  since  the  vehicle  is  snail  and  the 
instrument  panel  is  in  the  extreme  forward 
part  of  the  fuselage  (fuselage  station  50 i . 

The  vibration  data  wore  projected  on  a  normal¬ 
ized  fuselage  scale  as  a  function  of  the 
measured  overall  acceleration  levels  in  g- 
units.  Data  are  presented  for  the  four  selec¬ 
ted  vibration  transducers  which  were  oriented 
to  sense  vibration  in  the  vertical  direction. 
ITiesc  data  are  presented  in  1  igures  o  through 
12.  In  addition,  data  are  presented  for  these 
four  transducers  in  figures  17  through  In  to 
show  the  variation  in  overall  accclerut ion 
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11 K'  max ir, i mi  double  amplitude  levels  meas¬ 
ured  I'nun  .ill  vibration  transducers  located  in 
the  nose  and  the  cargo  area  are  presented  in 
I  igures  I"  through  22.  lliese  plots  represent 
the  maximum  levels  measured  in  the  three 
orthogonal  dii-.etions  lor  all  of  the  flight 
condition-  listed  in  fable  Ml.  figure  2?  is 
a  summary  plot  showing  the  maximum  double 
amplitude  levels  measured  for  each  of  the 
lie  1  i  copters . 

I  tgtires  21  through  2t>  are  plots  of  the 
maximum  vibration  levels  obtained  from  two  low 
frequency  accelerometers  orientated  in  the 
vertical  and  lateral  direction  and  located  on 


the  cabin  floor  of  each  of  the  three  helicop¬ 
ters  for  the  flight  conditions  listed  in 
Table  111. 

amplitude  probability  density  curve 
t  1  ■  f  the  main  rotor  fundamental  frequency 
Hinted  for  data  measured  in  the  nose 
.  .on  of  each  helicopter  during  a  combat 
approach  configuration.  The  Al’h  was  construc¬ 
ted  from  -xo  to  ♦a?  using  the  analysis  para¬ 
meters  listed  in  Table  IV.  In  addition,  Abb's 
were  computed  for  the  same  flight  condition 
for  peaks  in  the  spectrum  which  occurred 
between  200-401)  II:  and  1000-1200  II:.  'lliese 
AI’I*  curves  were  super  imposed  on  the  plot  for 
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each  helicopter  and  are  presented  in  figures 
27  through  29. 


n  )h  a  •  Sp«»d 

«i 


figure  ().  Spatial  Distribution  lor  High 
Altitude/lligh  Speed  Right  Condition 


hip  AM  •„()»  -  LOW  S0»«l3 
VpMiCOl  O'XClion 


figure  7.  Spatial  Distribution  for  High 
Altitude/l.ow  Speed  flight  Condition 

The  acoustic  data  recorded  from  the 
microphones  attached  to  the  pilot's  helmet 
in  each  aircraft  are  shown  in  figures  SO  and 
31.  The  graphs  are  maximum  one -third  octave 
data  levels  recorded  under  the  flight 
conditions  contained  in  Table  III. 


RISUI.IS 

Hie  results  of  this  study  consist  of  a 
discussion  of  the  figures  outlined  in  the 
Data  Presentation  section  of  this  paper. 


1 

.  Om  U  ' 


1  iguie  X,  Spatial  Distribution  for  l.ow  Ai  1 1  - 
tude/lligh  Speed  Right  Condition 


8  . 


ligure  9.  Spatial  Distribution  for  l.ow  Alti¬ 
tude  low  Speed  Right  Condition 

1  igures  <i  through  12  indicate  that  the 
overall  g  level-  rie.i-ureJ  in  the  tailbooia  are 
a  to  Id  tine-  highei  than  the  g- levels  meas¬ 
ured  in  tia  nose  an.!  into!  -t\  t  ion  of  the 
three  he  1  Kopte I  -  . 

I  igures  It  tin, .ugh  |.  in. Ik  ate  little  vari- 
at  ion  lies-  than  l...g  in  'Veiall  g- levels 
It  I'oni  to  Ah!  I  ne.e-uiiil  at  -llMl.il  locations 
III  each  Ot  tilt  t hi ei  1 1  - 1  vehlile-  for  the 
-iv  ell  I  light  ioii.li  t  |.  a  i  on  -  idered.  ligure 
lii.  Insider,  llldli  ate-  vaiiati.n-  o|  greater 
i:.agn- tiule  i  Sg  -  rv.i-ui ed  in  tin  tall  boon.  file 
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I  i  (jure  II.  spatial  Pi  st  ril’ut  ion  lor  lake  off 
Might  Condition 

overall  g- levels  measured  in  Helicopter  B  are 
consistent ly  higher  than  the  overall  g- levels 
measured  in  Helicopter  A  or  C. 

The  vihration  test  curve  (sinusoidal] 
from  Kef.  1,  Ml I.-STH-810BI  1 )  Cune  M  for 
equipment  designed  for  helicopter  applications 
h.t:  been  included  on  figures  M-22.  These 
ligates  show  that  in  the  frequency  range  of 
5  t  >  .'(Hi  II:  where  the  test  curve  applies,  data 
general  I v  fall  below  the  test  curve  for  all 
three  test  vehicles.  However,  1 igures  1'  and 
Is  contain  data  iron  Helicopter  A  which 
exceeds  the  test  curve  ai  frequencies  between 
s  and  10  Hr.  I  igures  Id  and  do  contain  data 
l  I  ’m  iiel  icoptor  B  which  fall  just  below  and 
'lightly  above  the  test  curve  at  frequencies 
between  a  and  III  Hr.  I  igures  21  and  22  con* 

I  nn  data  from  Helicopter  f  which  exceeds 
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figure  Id.  Spatial  Distribution  for  Dover 
Might  Condition 
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C  «A* 

figure  13.  Helicopter  Response  to  Selected 
flight  Conditions  in  the  Nose 
Section 

tie  test  curve  at  frequencies  between  5  and 
35  lit  and  fall  only  slightly  below  the  test 
curve  between  35  and  500  llz.  It  should  be 
noted  that  although  the  test  curve  does  not 
extend  beyond  500  Hz,  significant  levels  of 
vibration  exist  up  to  at  least  5000  llz  on  all 
three  helicopters.  The  maximum  vibration 
levels  measured  in  the  main  body  of  each  of 
the  three  test  vehicles  is  sumnari zed  in 
figure  23.  A  recommended  sinusoidal  test 
curve  for  use  in  design  and  test  of  helicopter 
equipment  is  superimposed  on  figure  23. 

Typical  amplitude  probability  density  plots 
are  shown  in  figures  27  through  29.  These  data 
and  a  considerable  amount  of  additional  data 
not  shown  in  this  paper  indicate  a  definite 
trend  toward  randomness  above  a  frequency  of 
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Figure  15.  Helicopter  Response  to  Selected 
Flight  Conditions  in  the  forgo 
A  re; i 


I igtirc  In.  Helicopter  Response  to  Selected 
H ight  Condi t ions  m  the  l.u  1 
b.  'OK! 


approximately  SOU  II:.  Hie  data  were  converted 
to  power  .spectral  density  (I’spi  and  an  enve¬ 
lope,  for  the  maximum  levels  of  acceleration 
measured,  was  computed.  Hie  data  indicate 
that  a  PSD  level  of  approx imatelv  0.1  V  Hr, 
over  tlie  frequency  range  of  SOU  to  5,000  11:, 
would  encompass  the  maximum  levels  measured. 

It  should  be  noted  that  within  the  basic 
fuselage  of  the  test  vehicle,  this  enve¬ 
lope  tends  to  roll  off  above  a  frequency 
of  approximately  1,000  II:. 

During  linear  acceleration  or  deco  I c rat  ion 
from  any  speed  to  any  other  speed  within  the 
design  flight  envelope,  the  maximum  vibration 
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at  personnel  stations  in  helicopteis  should  not 
exceed  the  level  specified  in  M!  1  -II- S5o] \, 
l’ara.  7 . “ .  1  ( c s ,  ref,  Hie  speciftcati 
curve  is  included  in  1  igures  dl  through  .'(■  foi 
reference.  Hie  maximum  levels  measured  on  the 
cabin  floor  of  Helicopter  1-  and  t'  execcei  the 
test  ctine  in  the  lieuiiencv  range-  t  .'i1-.'.''  ii: 
and  10-50  II:,  respe-ct  iielv  as  shown  in  figures 
.’5  and  Jo.  Otherwise  vibrati-n  levels  : . 1 1 1 
below  'll I.-H- S501  \  reo.ui renents  i  as  refe  rence  d 1 . 

MI  l.-A-  SS00A,  I  able  1 1 1 \.  reference  5, 
lists  the  souiiei  pressuie  level  !  M'l  i  not  to  be 
exceeded  in  aircraft  where-  pcrse  iine  I  r-mst  weal 


I  eru.ml  ter,  Helicopter  C 


I  i elm  J.>.  lentiary  I  lot 


o 


renter  1 1.1 1 1  .  lie'  icepter  e 


I  Mine  J  I .  leu  I  re.jUiik \ili.iterv 
lieluvpUi  \ 


i  (.  •  ,  i,  l  N  t  V  -  H  L  M  Z 

inure  25.  Low  Lrequency  Vibration  Data 
Helicopter  B 


p inure  27.  Amp  1  i tude  Probability  Density 
Analysis,  Helicopter  C 


FRtQetNtY  -  h F  p  1 1 


icarc  2(3.  Low  l  requency  Vibrator)'  1)ata 
Helicopter  V 


re  28.  Amplitude  Probability  Density 
Analysis,  Helicopter  B 

ets  at  all  times  and  communicate  by  elec- 
ic  means.  Lor  the  purpose  of  comparison 
the  measured  data,  the  specified  levels 
converted  from  octave  band  SP1.  to  one- 
•d  octave  band  SDL  and  arc  included  on 
ires  50  and  31.  The  measured  SIL  tor 
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I  igure  29.  Amplitude  Probability  Density 
Analysis ,  Helicopter  C 
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■igure  30.  Noise  Data,  Helicopters  A  and  B 


1  igure  31.  .Vise  Data,  llelicoptei  L 


Helicopters  A  and  L  genet  ally  fall  below  the 
test  curve  as  shown  in  l  igu-es  30  and  31.  'Hie 
levels  neasured  in  Helicopter  B  exceed  the 
test  curve  in  frequency  hauls  31.5  to  400  lie 
by  2  to  5  dll  and  as  much  as  12  all  in  frequency 
bands  above  lbpu  II;  as  shown  in  figure  30. 


O  INCLUSIONS: 

1.  The  test  level  specified  in  MI  1.- STD- S 1  OH 
(1)  Helicopter  Vibration  Test  Curve  M  is  in¬ 
adequate  for  use  in  design  and  test  of  equip¬ 
ment  to  be  located  in  helicopters.  Measured 
Jat..  front  this  study  indicate  that  the  test 
curve  sh-mld  be  changed  both  amplitude  and 
frequency  range.  'Hie  failure  to  design  and 
test  helicopter  equipment  to  the  proper  levels 
of  vibration  in  the  5  to  10  II:  range  and  a 
complete  lack  of  test  and  design  criteria  in 
the  500  to  5000  II:  range,  may  account  for  many 
of  the  equipment  failures  and  malfunctions 
that  now  occur  in  field  use.  The  following 
envelope  curve  is  considered  to  he  more  real¬ 
istic  for  use  in  design  and  test  of  equipment 
to  he  located  in  helicopters:  5-10  II;,  0.40 
in.  double  amplitude,  and  10-28  II;  +  2g,  28-44 
II;,  0.05  in.  double  amplitude,  and  44-5000  II: 
l-5g. 

2.  The  increase  in  randomness  of  the  vibra¬ 
tion  data  above  300  II;  indicates  that  in 
addition  to  sinusoidal  vibration  testing  of 
equipment  mounted  in  hel icoptcrs ,  there  exists 
the  requirement  for  random  vibration  testing 
in  the  3»0  to  5000  II;  frequency  range.  Use 

of  an  appropriate  random  vibration  test  cri¬ 
teria  for  helicopter  equipment  would  improve 
the  service  reliability  of  helicopter  systems. 

3.  Sound  pressure  levels  in  the  cockpit  area 
of  helicopters  exceed  levels  specified  in 
Mil.-. 4-8800.4,  I  able  III,  by  2  to  12  dll  in 
several  frequency  bands.  The  sotuid  pressure 
levels  are  not  considered  to  bo  of  a  high 
enough  magnitude  to  cause  damage  to  equipment 
located  within  the  helicopter  fuselage. 
However,  difficulty  in  communication  by 
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DISCUSSION 


Mr.  Smith  (Hell  Aerospace):  This  is  a  general 
question  aimed  at  the  session  rather  than  the  last 
speaker.  I  am  puzzled  at  the  need  for  thi  apparently 
large  amounts  of  analysis  done  on  amplitude  density 
eurves.  I  would  have  thought  that  in  any  compound 
spectrum,  if  you  know  the  ratio  between  the  local  sin¬ 
usoidal  part  of  the  signal  and  the  spectrum  level  in  the 
local  one-third  octave  band,  then  you  can  sketch  out 
the  amplitude  density  curve  without  going  to  the 
trouble  of  doing  an  analysis.  In  any  case,  is  there 
any  physical  significance  in  the  amplitude  probability 
density  curve  of  a  part  of  a  compound  signal?  Per¬ 
haps  any  or  all  of  the  previous  speakers  might  like  to 
comment  on  that. 

Mr.  T  ho  mas  (AI''  K 1  i  gh  t  D  vn  a  m  ie  s  Laboratory) : 
We  feel  it  is  essential,  if  you  are  going  to  look  at 
this  data  to  define  rather  closely  its  characteristics. 
This  must  be  done  to  devise  a  specification  which  in 
some  measure  will  reproduce  the  effects,  not  perhaps 
the  environment.  As  to  the  need  for  looking  at  one- 
third  octave  data  and  then  at  narrow  band  and 
arriving  at  the  conclusion  that  you  may  or  may  not 
have  random  data.  I  would  tend  to  disagree  with  you 
there.  If  you  have  non-phase-correlated  sinusoids 
which  fall  within  a  given  one-third  octave,  and  that 
is  quite  possible  on  these  helicopters  using  one-third 
octave  data,  it  would  tend  to  give  a  random  distri¬ 
bution.  The  object  here  was  to  eliminate  that 
possibility.  Does  that  gi  t  to  your  point  at  all? 

Mr.  Smith:  I  think  what  you  say  is  true  tint  I 
still  think  you  can  draw  the  answer  without  doing  an 
analysis. 


Mr,  Thomas:  You  may  be  able  to  do  this.  We 
do  not  believe  that  it  is  quite  as  conclusive  as 
actually  showing  the  data.  The  best  test  in  my 
estimation  for  the  randomness  of  data  is  successively 
narrowing  the  bandwidth  until  you  got  no  change. 

Then  you  know  whether  or  not  you  have  random  data. 
You  may  have  sinusoids  very  closely  spaced.  Any 
other  approach  to  doing  this  would  tend  to  indicate 
randomness. 

Mr.  Clevenson  (NASA  Langley  Research 
Center):  I  would  like  to  commend  you,  Mrs  Bolds, 
on  a  fine  paper.  You  gave  a  wealth  of  information 
and  I  am  sure  we  arc  all  appreciative  of  it.  My 
question  pertains  to  the  analysis  in  which  you  show 
the  amplitudes  as  a  function  of  frequency  and  com¬ 
pared  them  to  the  Mil-STD-810  specification.  I 
wonder  what  analysis  you  used  to  get  all  of  these 
amplitudes  that  you  have  shown  and  whether  you 
showed  only  the  peak  amplitude? 

Mrs.  Bolds:  We  sampled  data  at  every  20  cycles 
in  the  lower  frequencies  and  we  spaced  them  further 
apart  as  we  go  up  in  frequency.  We  also  measure  the 
data  at  the  difference  peaks  in  between.  These  data 
are  then  run  through  the  digital  computer  and  we 
compute  acceleration,  double  amplitude,  and  so  forth. 
We  take  these  data  then  and  plot  them,  combining 
them  in  frequency  bands  approximating  one-third 
octaves.  That  is  what  you  see  here. 
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